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Preface 



This volume of "PATHOPHYSIOLOGY OF CARDIOVASCULAR DISEASE" 
was compiled as a result of invitations given to participants from the XVII World 
Congress of the International Society for Heart Research. The World Congress was 
held in Winnipeg, Canada July 7-11, 2001. The meeting was an outstanding event 
attracting approximately 2000 attendees with nearly 500 invited speakers and chair- 
persons from all over the world. The excitement and enthusiasm generated from 
these research presentations and the ensuing discussions surrounding the data 
stimulated the Editors of this volume to create a compendium of excellent research 
manuscripts on the topic of the pathophysiology of cardiovascular disease. 

This volume has been subdivided into 4 sections. The 4 sections deal with four 
specific issues involved in the pathophysiology of cardiovascular disease. These 
include, heart dysfunction and its associated characteristics (hypertrophy, cardiomy- 
opathy and failure), vascular dysfunction and disease, ischemic heart disease, and 
novel therapeutic interventions to address the problem of cardiovascular disease. 
These four broad categories have led to the submission of a wide variety of differ- 
ent research topics within each category. The volume is particularly valuable because 
it discusses so many aspects of cardiovascular disease but within each paper it focuses 
in great depth on specific aspects of the disease process. We have also selected arti- 
cles which describe a biochemical or functional process that occurs in the normal 
heart or vessel but can participate in the cardiovascular disease process when abnor- 
malities in these pathways occur. 

The first section in this volume describes the cellular processes involved in heart 
dysfunction. A variety of cardiac diseases are discussed. These include septic cardio- 
myopathy, heart failure and the involvement of mitochondria in heart failure, 
reactive oxygen species, calcium homeostasis, the extracellular matrix in cardiomy- 
opathies, signalling pathways in cardiac hypertrophy and preconditioning, and signal 
transduction pathways in the heart and in cardiac fibroblasts. This section also 
deals with adrenergic stimulation of the ventricle, ion channels, ventricular fibrilla- 
tions and the measurement of cytosolic pH and isometric tension in cardiac muscle 
preparations. 

The second section of this volume concentrates on ischemic heart disease. Excel- 
lent manuscripts have been written on the topics of the involvement of reactive 
oxygen species in ischemic heart disease, the general cell biology of acute reperfu- 
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sion injury, the involvement of reactive oxygen species and ion movements (in 
particular calcium in ischemic reperfusion injury) and the use of optical mapping 
techniques to understand calcium signaUing in myocardial ischemia. In addition, 
intriguing data has been included here to discuss intercellular signalling during 
ischemia through an examination of connexin phosphorylation. Two papers examine 
ischemic pre-conditioning as a mode to protect the heart and a third paper exam- 
ines a variety of cardioprotective interventions. Two additional papers examine 
unique approaches to ischemia/reperfusion-induced myocardial injury by present- 
ing data on the involvement of mast cells in this process and the use of a novel 
drug to scavenge oxygen derived free radicals to alter calcium homeostasis in the 
reperfused myocardium. 

The third section of this volume investigates the involvement of the vascular 
systems in cardiovascular disease. Papers discuss the modulation of fatty acid meta- 
bolism, the identification of endotheHum derived hyperpolarism factors and their 
involvement in the regulation of blood flow, cytokinesis in smooth muscle and how 
this may play an important role in smooth muscle cell hyperplasia and hypertrophy, 
and the importance of ADP-ribosylation in the cardiovascular system under both 
healthy and diseased conditions. Two other interesting papers examine the interac- 
tions between the heart and vessels during disease. Specifically, the influence of 
cardiac contractility on coronary venous flow and the influence of vascular factors 
on aortic stenosis and heart transplantation is discussed. The cell signalling pathways 
induced by oxidative stress in vascular smooth muscle cells is also an important 
subject for evaluation in this text. An important interrelationship of a precondi- 
tioning phenomena with myocardial angiogenesis is another topic for discussion. 
The final paper in this section involves an examination of the arachidonic acid 
cascade in experimental myocardial infarctions. 

Perhaps the most interesting and novel section within this text is the discussion 
of the new therapeutic approaches to cardiovascular disease. Of particular interest is 
the lead article which examines the potential for using the nuclear envelope itself 
as a new target for drug action. There appears to be more and more data to suggest 
that the nucleus may exist as a cell within a cell. This paper by Bkaily and co- 
workers essentially addresses this possibility and extends it to address the intriguing 
potential of using the nuclear envelope membrane as a new target for therapeutic 
drug action. We are becoming increasingly aware of the relationship of inflamma- 
tion to atherosclerotic disease. However, less appreciated is the role of inflammation 
in cardiac function and repair. The incidence of myocardial infarctions continues to 
rise in North America today. Thus, the need to understand how to repair the heart 
following an infarction is critical. Two papers examine that, one by focusing on a 
particular group of proteins (the Smad family) as targets for therapeutic action. 
Estrogen therapy has also received a great deal of attention as a therapeutic mode 
of altering cardiovascular disease, particularly in women. An interesting article is 
included in this text on phytoestrogens and their association with cardiovascular dis- 
orders. A unique method for cardioprotection has been introduced in one of the 
paper by the use of chronic exposure to long lasting ambient heat. Perhaps one of 
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the most exciting new developments in the treatment of heart disease is the use of 
cell transplantation into infarcted tissue to restore cardiac function. Several papers 
use different cells (bone marrow stromal cells, cardiomyocytes and tissue transplan- 
tation) to treat a heart that has experienced a myocardial infarction. The use of mag- 
netic resonance imaging in the assessment of both myocardial injury and brain injury 
is also evaluated. Finally, the potential for using mechanical circulatory devices in 
the treatment of heart failure is discussed by an expert panel of international experts. 

Cardiovascular disease is the leading cause of death in the world today. In the 
industrialized countries, cardiovascular disease is also the most expensive disease in 
terms of both direct and indirect costs to the health care system. It is not well 
appreciated that despite this economic cost, the amount of research that is dedicated 
to understanding and treating cardiovascular disease is relatively small. In North 
America, the investment in research on cardiovascular disease remains far below the 
investment in other disease entities when expressed relative to the economic costs 
of each of the diseases. It is clear that if we are to make an impact in our under- 
standing and our treatment of cardiovascular disease and if we truly wish to lower 
the economic cost of this disease and the mortality that results from this disease, we 
will have to invest a great deal more time, energy and financial resources to research 
cardiovascular disease. 

This volume represents a compendium of different approaches to understanding 
cardiovascular disease, and identifying the proteins, pathways and processes involved 
in cardiovascular disease. This exciting volume of research is as a result of an asso- 
ciation of scientists at a world meeting held in Canada. It is clear evidence that 
international gatherings of medical scientists can generate friendly, prosperous and 
successful interactions in times when the world may appear quite hostile in view 
of recent international developments. It is refreshing and encouraging to note that 
medical research is still productive and successful even on an international stage of 
collaboration. 



Naranjan S. Dhalla 
Heinz Rupp 
Aubie Angel 
Grant N. Pierce 
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Summary. The existence of human septic myocardial depression was only unequivocally 
proven in the 1980s by the group of Parrillo, utilizing a nuclear imaging technique in inten- 
sive care patients. Heart failure in sepsis is frequently masked by a seemingly normal cardiac 
output. However, relative to the lowered systemic vascular resistance — resulting in a reduced 
afterload, cardiac outputs and ventricular ejection fractions of septic patients are often not 
adequately enhanced. This septic cardiomyopathy involves both the right and the left ven- 
tricle and is potentially reversible. In response to volume substitution, the hearts can be 
considerably enlarged. The disease is not primarily hypoxic in nature, but may be aggravated 
by ischemia. Autonomic dysfunction, documented by a reduced heart rate variability and 
impaired baro- and chemoreflex sensitivities, forms part of the disease entity. The severity of 
myocardial depression correlates with a poor prognosis. Non-infectious systemic inflamma- 
tory response syndrome (SIRS) can give rise to an analogous disease entity, namely SIRS 
cardiomyopathy. 

The etiology of the disease is multifactorial. Several candidates with potential pathogenic 
impact on the heart were identified: bacterial toxins, cytokines and mediators including tumor 
necrosis factor a, interleukin- 1 and nitric oxide, cardiodepressant factors, oxygen reactive 
species, catecholamines. Symptomatic treatment consists of volume substitution and of cate- 
cholamine support; causal therapeutic approaches aiming at an interruption of the proin- 
flammatory mediator cascades are being tested. 

Key words: Cardiomyopathy, septic — Sepsis — Autonomic dysfunction — Shock, septic — Heart 
failure, septic. 
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4 I. Cellular Processes Involved in Heart Dysfunction 



INTRODUCTION 

Acute septic myocarditis in the preantibiotic era (1) was a purulent disease of the 
heart. Nowadays, merely nonspecific pathomorphological and pathohistological alter- 
ations characterize the myocardium of patients whose hearts had failed in septic shock 
(2). Septic myocardial depression for decades has been attributed to the release of 
cardiodepressant factors into the blood stream, while the existence of human septic 
myocardial depression was only unequivocally proven in the early 1980s by the group 
of Parrillo (3), who had examined patients in the ICU with nuclear imaging tech- 
niques. In recent years, the concept of a septic cardiomyopathy was proposed (4,5), 
which emphasizes alterations of cardiac cellular phenotype as a basis of organopathy 
in response to a variety of agents acting on heart cells, like bacterial toxins and endoge- 
nous cytokines, hormones, mediators and cardiodepressant factors. 

The intention of this review is to highlight newer aspects of cardiac involvement 
in systemic inflammation and especially in sepsis. Not organ-related infectious heart 
diseases Hke viral myocarditis or bacterial endocarditis are in the focus of this paper, 
but the uniform reaction pattern of the heart to generalised inflammatory processes 
hke sepsis and other systemic inflammatory response syndromes (4-8). 

These heart diseases of infectious or systemic inflammatory origin are increas- 
ingly paid attention to beyond the field of intensive care medicine: The pathogenic 
mechanisms involved in these disorders may also apply to common chronic heart 
disorders Hke coronary artery disease or heart failure (9), which go along with a 
moderate inflammatory response. 

SEPTIC CARDIOMYOPATHY— A SECONDARY CARDIOMYOPATHY 
IN THE SCOPE OF A SYSTEMIC DISEASE 

The present concept of the pathogenesis of bacterial sepsis is centered around the 
idea that numerous and very heterogeneous stimuli — including all classes of 
microorganisms or even isolated bacterial toxins like endotoxin or superantigens — 
uniformally evoke an activation of mediator cells with secondary release of cytokines 
and proinflammatory mediators (Figures 1, 2). These primarily protective mecha- 
nisms are directed against invading microbes and aim at inactivating toxins. The 
inflammatory response may, however, take an exaggerated course and thereby be 
comphcated by an impairment of the patients’ organs. An overwhelming activation 
of mediator cascades presents clinically as sepsis (Figure 2). In addition to the detri- 
mental action of endogenous mediators, a direct toxicity of the bacterial toxins — 
hke endotoxin (4,5) and Pseudomonas exotoxin A (10) — potentially may further 
aggravate organ malfunctioning. 

In recent years, it became evident that not only infectious, but also non-infectious 
stimuli can trigger these defense mechanisms and thus give rise to a cHnical picture 
that may be indiscriminable from bacterial sepsis (Figure 1); examples of such non- 
infectious aggressions are major trauma, surgery with the assistance of the cardiopul- 
monary bypass, pancreatitis, ischemia-reperflision injuries or allograft rejection. 
Whatever the initial trigger may have been — infectious or non-infectious — , the 
sequence of events following adheres to a uniform pattern: there is a massive 
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Figure 1. Pathophysiology of sepsis and escalating SIRS. Bacterial toxins like endotoxin from Gram- 
negative bacteria damage the patient s organs and also trigger the release of mediators from activated 
macrophages (Ma) and granulocytes (Gr). These mediators — released to kill bacteria and inactivate 
toxins — also add to the patient s damage in the sense of a multiple organ dysfunction syndrome or 
multiorgan failure. Not only infections but also noninfectious triggers can induce the deleterious 
mediator network termed systemic inflammatory response syndrome (SIRS). 



production and release of mediators interwoven in a complex network resulting in a 
mediator-induced systemic inflammatory response syndrome (SIRS) and multiple 
organ dysfunction syndrome (MODS), which includes the heart (4,5,11-14). 

It has long been denied that a cardiac involvement forms part of septic MODS, 
as cardiac output values of septic patients usually are seemingly normal or may even 
be enhanced in comparison to the physiological range (Figure 3). However, heart 
failure becomes evident, when cardiac output is considered in relation to the sys- 
temic vascular resistance, which is severely lowered due to sepsis-induced vasodila- 
tion (Figure 4): a healthy heart could compensate for the pathological fall in afterload 
down to 1/3 or 1/4 of the normal value by an up to three- or fourfold increase 
in cardiac output (Figure 3), while — very often — the observed values in our septic 
patients are considerably lower: the compensatory increase in pump activity is not 
high enough to stabilize blood pressure. This is the consequence of septic car- 
diomyopathy (Table 1), a disease entity characterised by a dominant left ventricular 
failure, which is not primarily hypoxic in nature, as coronary arteries are dilated and 
coronary blood flow is high (15,16). However, septic cardiomyopathy can be aggra- 
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Figure 2. Toxin- and mediator-network in sepsis and SIRS. For explanation see legend to figure 1. 
ELAM = endothelial leukocyte adhesion molecule as representative of adhesion molecules; Gram+ = 
Gram-positive bacteria; Gram- = Gram-negative bacteria; HOCl = hypochloric acid; IFNy = inter- 
feron y, IL = interleukin; MODS = multiple organ dysfunction syndrome; NO = nitric oxide; 0"“ = 
superoxide anion as representative of reactive oxygen species including peroxinitrite; PAF = platelet 
activator factor; PG = prostaglandins; TNF = tumor necrosis factor-a. 



vated by myocardial ischemia (5,12,17), particularly in patients with preexisting 
coronary artery disease, as the increased coronary blood flow in sepsis narrows 
the coronary reserve. Left ventricular stroke work indices were found to be reduced 
to a similar degree (Figure 5; (14,18)) in patients with various forms of Gram- 
negative, Gram-positive or fungal sepsis indicating that not such much the bacterial 
virulence factors but rather the common mediator network determines the occur- 
rence and severity of the disease. Additional right ventricular dysfunction essentially 
belongs to septic myocardial depression and can be accentuated in the presence of 
pulmonary hypertension due to ARDS (19); right ventricular dilatation and a 
reduced right ventricular ejection fraction can further impair left ventricular per- 
formance by a fall in left ventricular filling pressure and a mechanical compromise 
of the left ventricle by a septum shift. Although septic cardiomyopathy is poten- 
tially completely reversible, it still is a condition of high prognostic importance: 
it accounts for about 10% of fatalities witnessed in sepsis and septic shock (3), 
with non-survivors having more depressed afterload-related myocardial depres- 
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Figure 3. Case report; Cardiovascular changes in Pseudomonas sepsis. The graph shows the time 
course of the hemodynamic changes seen in a patient with Pseudomonas sepsis: Due to the toxin- 
and mediator-induced toxic vasodilatation — as measured by a fall in the systemic vascular resistance 
(SVR; normal value 1100 ± 200 dynes X sec x cm~^) — mean blood pressure (RR) falls. In a compen- 
satory manner, cardiac output (CO) increases up to values of about 181/min. During recovery SVR 
rises to normal, blood pressure stabihzes and cardiac output returns to values found in healthy persons. 
In this patient, heart function is not severely impaired by sepsis. However, in most septic patients 
cardiac output does not rise up to the values seen in this patient, thereby indicating myocardial 
depression in sepsis (see figure 4). 



sion than survivors (K. Werdan, A. Herzklotz, U. Mueller- Werdan: unpublished 
results). 

In view of all these findings, cardiac impairment in sepsis can be classified as 
“septic cardiomyopathy”, as organ involvement of the heart within the scope of the 
systemic disease “sepsis”. 

Diagnosis of cardiac impairment in sepsis 

In clinical practice, the diagnosis of septic cardiomyopathy is frequently hampered 
by the fact that all reference values for cardiac function parameters are normalised 
to an afterload of 1100 dynes X cm“^ X sec, but that reference values for a systemic 
vascular resistance of 300 dynes X cm"^ X sec have never been established. Accord- 
ing to Figure 4, an inverse correlation between afterload — represented best, though 
a calculated and not measured value, by the systemic vascular resistance — and cardiac 
performance could be demonstrated and quantitated (K. Werdan, A. Herklotz, U. 
Mueller- Werdan: unpublished results). If this inverse correlation is not taken into 
account, data from echocardiographical or hemodynamic measurements (20,21) may 
be misinterpreted. 
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Figure 4. Afterload dependance of heart function in sepsis. To compensate for a progressive decrease 
in systemic vascular resistance due to vasodilatation, the calculated rise in cardiac output (0-0-0) 
should be necessary to maintain a mean arterial pressure of 90mmHg (according to: [mean arterial 
pressure — mean right atrial pressure (10 mm Hg)] = systemic vascular resistance (dynes X cm'"’ x sec) X 

cardiac output (1/min): 80). The cardiac outputs measured in sepsis and septic shock ( ), however, 

are usually lower than the calculated values, as a result of septic cardiomyopathy. “C”: catecholamines 
applied to stabilize blood pressure; “CDF”: cardiodepressant factor. Modified from (5). 



Table 1. Features of acute septic cardiomyopathy 



Myocardial depression: 

• In relation to the lowered systemic vascular resistance 
=> cardiac index not adequately raised 

=> right and left ventricular ejection fractions and stroke work indices not enhanced or even 
decreased 

=> pump volumes inadequately low 

• Global and regional contractile disturbances 

• Contraction and relaxation abnormalities 

• Increase in ventricular compliance (shift of the pressure-volume-curves to the left) 

• Considerable dilatation of the heart is possible 

• Coronary arteries dilated, high coronary blood flow 
Right ventricular compromise and dilatation due to ARDS 
Superimposed hypoxic heart damage 

Accentuated in preexisting coronary artery disease, particularly in manifest shock 
Autonomic dysfunction 

Narrowed range of heart rate variabiHty, related to severity of MODS 
Incidence of arrhythmias'? 



Modified from (4,5). 
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Figure 5. Myocardial depression in sepsis. In patients with septic shock due to infection with 
Pseudomonas (P), E. coli, other Gram-negative and Gram-positive pathogens as well as due to 
fungi, left ventricular stroke work index (LVSWI) as clinical measure of inotropy was determined. 
All patients independent of the infectious agent showed a marked depression of LVSWI. Modified 
from ( 18 ). 



Myocardial depression in sepsis — triggers and mechanisms 

Pleiotropy and redundancy: Endotoxin, tumor 
necrosis factor alpha and interleukin- 1 as triggers 

In the majority of cases numerous bacterial toxins and primary, secondary and final 
mediators are involved in the pathogenesis of systemic inflammation (Figure 2). 
However, the sole administration of endotoxin or TNF-a is sufficient to induce 
the hemodynamic alterations of sepsis, including myocardial depression. Several 
cardiodepressant factors of not fuUy unravelled chemical composition have been 
described (4,5,22), with one myocardial depressant substance identified as the com- 
bination of TNF-a and IL-lp (23). 

TNF-a is regarded as the pertinent cardiodepressant cytokine in sepsis, its nega- 
tive inotropic impact frequently being ascribed to the induction of inducible nitric 
oxide (NO) synthase (iNOS) and an enhanced production of NO in the heart (4). 
Although iNOS induction was found in some myocardial specimen from patients 
with heart failure or sepsis, this was not a uniform finding (24). Results from in vitro 
studies (Figure 6) rather suggest a complex interaction ofTNF-a with the heart, with 
pleiotropic effects on cardiomyocyte performance (Figure 7) due to an interference 
with several inotropic pathways as well as TNF-a-like cardiodepressive effects of other 
cytokines like interleukin- 1. The experimentally supported concepts of TNF-a car- 
diodepression include an induction of iNOS and inhibition of constitutive NOS 
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Figure 6. Preincubation of Cardiomyocytes with TNF-a blocks (3-Adrenoceptor-mediated Increase in 
Pulsation Amplitude. Neonatal rat cardiomyocytes were cultured in serum free culture medium for 24 
hours, in the absence (Control) and in the presence of a non-cytotoxic concentration of tumor necro- 
sis factor-a (TNF-a). Thereafter, cells were perfused with the p-adrenergic agent isoproterenol, and 
pulsation amplitude of the electrically driven ceUs were monitored by an electrooptical system. Pre- 
treatment of the ceUs with TNF-a suppresses the isoproterenol-induced increase in pulsation ampli- 
tude. For methods and further details see (30). 



(cNOS or eNOS) at high TNF-a concentrations, but also NO-independent car- 
diodepression at low, pathophysiologically more relevant concentrations (25). TNF-a 
effects on the heart also vary with regard to the kinetics of the process (26): rapidly 
occuring cardiodepressant effects include a release of sphingosine (27) and a suppres- 
sion of the calcium transient, while chronic administration of TNF-a was shown to 
depress the synthesis of precursors for the phosphoinositide pathway (28) and inhibit 
pyruvate dehydrogenase activity and mitochondrial function (Figure 9; (29)). Car- 
diomyocytes are not only effector cells for cytokines, but upon stimulation produce 
cytokines, which may be secreted (IL-6) (30) or retained intracellularly (IL-1) (30): 
it seems likely that secondary cytokines induced in cardiomyocytes by TNF-a or 
endotoxin (30,31) — via a CD 14-dependent pathway (31) — contribute to cardiode- 
pression. Whether apoptotic signals activated by TNF-a (32,33) are involved in the 
negative inotropic pathways is presently unknown. 

Conclusive evidence for a pathogenetic impact of chronic TNF-a elevation on 
the heart comes from in vivo studies (34) and transgenic mice (35—37). TNF-a and 
interleukin- 1 may, however, not only have detrimental effects on the heart, but in 
myocytes also confer resistance to hypoxic injury (38) or a-adrenoceptor-induced 
arrhythmias (Figure 10, (4,25,28)). 

Nitric oxide and reactive oxygen species: not only impairment of inotropic 
cascades, but also of mitochondrial function and cellular oxygen utilization 

In the hierarchy of the proinfiammatory mediator cascades, TNF-a and IL-1 (39) 
belong to the primary players, while nitric oxide (NO) (40) and oxygen free 
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Figure 7. Cardiodepression in sepsis — experimentally supported concepts. The mechanisms of con- 
tractile compromise of the agents given in the figure have been elucidated in in vivo or in vitro 
experimental settings. IL-1 = Interleukin- 1; IFN-y = Interferon-y; TNF-a = Tumor necrosis factor a; 
CDF = cardiodepressant factor; NO = nitric oxide; cGMP = cyclic guanosine monophosphate; (3-AR 
= p-adrenoceptor; G Prot = guanine nucleotide-binding protein; AC = adenylate cyclase; IP 3 = 
inositol triphosphate. Modified from (4,5). 



radicals (41) are well-known final effectors in the scenario of SIRS cardiodepression. 
Endogenous peroxyni trite formation from NO and superoxide may be the most 
toxic compound — both with respect to contractility and respiration (see below) — 
in the concert of free radicals in systemic inflammation (42,43). The detection of 
an abundant expression of the recently discovered cyclooxygenase-2 in the 
myocardium in sepsis (44) insinuates a possible importance of prostanoids as final 
mediators of septic heart failure. 

High levels of nitrite and nitrate, the stable end products of NO metabolism, are 
found in patients with severe sepsis, and relate inversely to systemic vascular resis- 
tance indices and global oxygen extraction rates, but directly to blood lactate levels 
(45). It is well-established that the reduced afterload in sepsis is determined by 
NO; inhibitors of NOS unmask a tonic pressor response of the counterregulatory 
endothelin-1 (46), the blood levels of which are elevated in human sepsis (45,46). 
The role of NO for septic myocardial depression is, however, less lucid. Striking 
similarities between the cardiac modifications in liver cirrhosis, which are related to 
NO (47) in an animal model, and sepsis have been emphasized. 
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Figure 8. O 2 consumption of mitochondria isolated from cardiomyocytes: Effect of a 24-Hour- 
Preincubation of the Cells with TNf-a. Spontaneously beating neonatal rat cardiomyocytes were cul- 
tured for 24 hours in serum-free medium in the absence or in the presence of non-cytotoxic concen- 
trations of tumor necrosis factor-a (TNF-a). Thereafter, mitochondria were isolated, and oxygen 
consumption due to complex I and complex II of the respiratory chain were measured. TNF-a con- 
centration-dependant decreases oxygen consumption due to complex I as well as due to complex II 
respiration. For further details and for methods see (29). 



A pertinent intracellular target for NO with respect to contractile properties is 
guanylate cylase. While a low increase in cyclic guanosyl monophosphate (cGMP) 
by low doses of NO was reported to improve contractile response of myocytes (48), 
its activation by excessive amounts of NO results in negative inotropy, mainly due 
to an interference with compounds of the P-adrenoceptor pathway (49). Additional 
cGMP-related cardiac NO effects include the regulation of coronary flow (50), 
which however is maintained in eNOS deficient mice (51) suggesting important 
compensatory mechanisms, and an enhanced cardiac adenosine production (52). 
However, cellular targets of NO other than guanylate cyclase may be pathogenically 
relevant, particularly an interaction of NO with energy metabolism was found to 
be related with contractile dysfunction (53). Consistently, in the hearts of baboons 
with experimentally induced E. coli sepsis, diminished activities of the complexes I 
and II of the mitochondrial respiratory chain were found (Table 2; (54) which might 
be due to detrimental effects of sepsis mediators like NO (53),TNF-a (Figure 8), 
Interleukin- 1 (29) and others. Interestingly, in patients with sepsis, skeletal partial 
oxygen pressure is not lowered but raised in the very severe state of sepsis (55)), 
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Figure 9. 24-h-Heart Rate-Monitoring in a healthy person and in a patient with sepsis and multiple 
organ dysfunction syndrome (MODS). Continuous 24 h-monitoring of heart rate clearly demonstrates 
a narrowing of the heart rate variability in the patient with sepsis and MODS in comparison to the 
heart rate variabiUty in the healthy person. For further details see (68). 



being well in agreement with a toxin- and mediator-induced impairment of mito- 
chondrial function leading to a disturbance of ceUular oxygen utilisation. 

Several studies have undermined a possible role of myocytes’ NOS in non-septic 
human heart failure (most recently: (56,57)), while another investigation confirmed 
the expression of constitutive and inducible NOS in failing human cardiac myocytes 
but attributed inflammatory myocyte injury rather to abundant iNOS expression 
within infiltrating macrophages (58). A recent paper questions an essential role of 
NO for contractile depression or p-adrenoceptor desensitisation in myocytes from 
failing human ventricle, as pharmacological inhibition of NOS did not increase con- 
traction or P-adrenoceptor sensitivity (59). During severe sepsis in humans, both p- 
adrenergic receptor-dependent and -independent stimulation of adenylate cyclase 
were shown to be impaired, suggesting heterologous desensitisation (60). Evidence 
is at hand for an interplay of NO with sympathetic and parasympathetic signaling 
in the heart (49,61), but data from eNOS deficient mice refute the idea that eNOS 
is obligatory for the normal autonomic control of cardiac muscle function (62). In 
summary, a very complex picture of the contribution of NO and NOS to septic 
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Figure 10. Assessment of extrinsic and intrinsic mechanisms underlying the depressed heart rate vari- 
abihty in patients with multiple organ dysfunction syndrome (MODS). The sympathetic-vagal balance 
modulating the heart rate at the level of the sinuatrial node is the result of several reflex mechanisms. 
In addition to the probable alterations of the sympathteic and vagal tone in MODS, toxin- and medi- 
ator-induced impairments at the target cells (pacemaker cell) of adrenergic and muscarinergic recep- 
tors, intracellular signal transduction pathways and the pacemaker ionic channels attenuate the nervous 
signals leading to the observed depression of both, the sympathetic as well as the vagal activity in 
MODS. For further details see (68). 



and non-septic heart failure is evolving and some more pieces of the puzzle are 
expected to emerge in the future. 

The complex clinical spectrum of septic cardiomyopathy: 

Myocardial depression is not all! 

Arrhythmias 

In contrast to the well-documented myocardial depression in sepsis, only few exper- 
imental and clinical studies on the occurrence of arrhythmias in sepsis have been 
reported. A case of the coincidence of long QT syndrome and torsade de pointes 
with septic cardiomyopathy was reported (63). In a retrospective analysis of score 
evaluated patients, no increased incidence of ventricular and supraventricular 
arrhythmias was documented in 25 septic MODS patients compared to 15 non- 
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Table 2. Septic cardiomyopathy in E. coH sepsis in 
baboons — myocardial respiratory chain and glycolysis enzymes 



Respiratory chain/Enzymes 


Controls (n = 3) 


E. 

Survivors 
(n = 26) 


coli Sepsis 

Non-Survivors 
(n = 20) 


Complex I/III 


5.1 ± 4.1 


3.4 ± 2.9 


0.6 ± 0.6* 


Complex II/III 


9.7 ± 2.9 


4.4 ± 4.6 


1.3 ± 2.4* 


Complex III 


153 ± 57 


140 ± 114 


90 ± 56 


Cytochrome-c-oxidase 


77 ± 11 


61 ± 42 


39 ± 29* 


Citrate synthase 


424 ± 81 


584 ± 451 


507 ± 307 


Succinate dehydrogenase 


25 ± 6.4 


22 ± 16 


15 ± 13 


Phosphofructokinase 


288 ± 168 


312 ± 175 


47 ± 32* 


Glucosephosphate-isomerase 


1768 ± 214 


1628 ± 494 


1082 ± 480 


Lactate dehydrogenase 


1165 ± 501 


960 ± 312 


709 ± 28 


NoncoUagen protein 


164 ± 26 


159 ± 60 


138 ± 43 



Dimensions: Units/gram noncollagen protein; *p < 0.05. 
Data from (54). 



septic MODS patients (64). At present no specific arrhythmogenic sepsis profile has 
been identified. 

On the other hand, in postoperative ICU patients, sepsis and SIRS have been 
identified as main triggers of tachyarrhythmias, with an adjusted odd’s ratio of 
36,48 (65)! 

Autonomic dysfunction 

A narrowed heart rate variability essentially belongs to critical iUness (Figure 8) and 
was found to be a marker of poor prognosis — associated with a severalfold increased 
mortality (66). A reduction in heart rate variability is a measure of autonomic dys- 
function, reflecting a loss of the balance between sympathetic and vagal tone (67). 
Sepsis and multiple organ dysfunction syndrome (MODS) in particular are coupled 
with an impairment of autonomic dysfunction (68), a finding that culminated in 
the hypothesis of a loss of the neuro-humoral organ interaction (“uncoupling of 
biological oscillators”) as major pathogenic factor in MODS (69-71). Interestingly, 
the administration of endotoxin to healthy humans reversibly induces narrowed heart 
rate variability (72). A study investigating heart rate variability in septic versus non- 
septic MODS could demonstrate that MODS more than sepis is the major deter- 
minant of reduced heart rate variability (73). 

Not only heart rate variabiHty is reduced in patients with MODS, but also barore- 
flex sensitivity and chemoreflex sensitivity are impaired, all dysfunctions correlating 
with an unfavourable prognosie (68). The correlation between the severity of auto- 
nomic dysfunction and severity of septic cardiomyopathy, however, remains to be 
determined. 

An interesting difference of the quality of autonomic dysfunction in MODS 
patients in comparison to cardiac patients is evident: while in cardiac patients the 
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sympathetic activity dominates over the vagal tone, in MODS patients both 
the sympathetic as well as the vagal tone are attenuated (Figure 10). This lead us to 
the hypothesis that in MODS patients not only an impairment of the autonomous 
nervous system is evident but also an attenuation of the sympathetic as well as of 
the vagal signal in the target cell, in case of heart rate variability narrowing at the 
level of the pacemaker cell in the sinus node of the heart (68). This attenuation of 
the nervous signals might be due either to a toxin- and/or mediator-induced alter- 
ation of the intracellular signal transduction pathways or to the pacemaker ion 
channel activity itself. In agreement with this hypothesis, preincubation of sponta- 
neously beating neonatal rat cardiomyocytes in culture with endotoxin results in a 
narrowing of the beating rate variability of these pacemaker cells (74). 

SIRS cardiomyopathy 

While compromise of heart function due to bacterial sepsis has been thoroughly 
studied, few groups have clearly documented the presence of SIRS cardiomyopathy 
from non-infectious disease. Severe trauma goes along with an abnormal left ven- 
tricular function (75). Prolonged hemorrhagic shock resulted in contractile impair- 
ment in an animal model (76). Extracorporeal circulation unequivocally induces an 
inflammatory response. It has by now been well documented by several groups that 
the impact of the cardio-pulmonary bypass on cytokine release is very drastic (77) 
and relates to myocardial dysfunction (77,78). An escalating SIRS as opposed to a 
non-escalating SIRS in patients after cardiopulmonary bypass-assisted cardiac surgery 
is associated with an increased mortality, with exaggerated TNF-a and TNF recep- 
tor blood levels and lowered left ventricular stroke work indices (79), the latter not 
being due to different afterloads, but rather an intrinsic myocardial depression, 
namely SIRS cardiomyopathy (5). 

Causal therapeutic approaches towards the 
treatment of acute septic cardiomyopathy 

Current consensus guidelines to the therapy of sepsis give detailed recommenda- 
tions for fluid resuscitation and vasopressor and inotropic therapy (80,81). NO 
inhalation therapy does not seem to have depressant effects on heart function 
(82,83). A modulation of cardiac inflammatory reactions by phosphodiesterase 
inhibitors (84) or adenosine (85) was reported. Causal therapeutic strategies — aiming 
at an interruption of mediator cascades — to alleviate septic cardiomyopathy and vas- 
culopathy are being tested, but do not form part of the standard regimens. Table 3 
summarizes data, which convey the notion that by antagonising and eliminating 
pertinent proinflammatory mediators septic vasculopathy is better approachable 
than septic cardiomyopathy (hemofiltration (86—88), hydrocortisone (89)). Still, none 
of the listed agents is as effective as noradrenaline in raising systemic vascular resis- 
tance. The options for a causal therapy of septic cardiovascular damage presently at 
hand thus have to be rated as very limited. 
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Table 3. Treatment of acute septic cardiomyopathy and vasculopathy — causal therapeutic approaches 





Cl 


LVSWI 


RVSWI 


SVR 


PVR 


Endotoxin antibody (Centoxin®) 


± 


±/f 




+ 




TNF-a antibody 


± 


±/T 




+/T 




Hemofiltration 


± 


± 


± 


t 


± 


Plasmapheresis 


± 


+ 




± 


i (PAP) 


PAF antagonist 


t 


T 




t (MAP) 


Hydrocortisone 


± 


+ 




t 




NOS inhibitors 


±/i 


±/f/T (transiently) 


± 


t 


t 


Methyleneblue 


± 


T 




T 


T 


Pentoxifylline 


+ 


± 


± 


+ 


+ 


Hemoperfusion with endotoxin 


i 


± 


± 


t 


T 


adsorption 












In comparison: 
Noradrenaline 


t 


t 


T 


T 


± 



Cl cardiac index; LVSWI left ventricular stroke work index; RVSWI right ventricular stroke work index; SVR 
systemic vascular resistsnace; PVR pulmonary vascular resistance; MAP mean arterial pressure; PAP mean pulmonary 
arterial pressure. 

Modified from (4,5), substituted by (89). 



Synopsis 

The original concept of septic myocardial depression proposing a negative inotropic 
blood factor has undergone an evolution in recent years. Heart failure in severe sepsis 
and SIRS nowadays is regarded as a symptom of a secondary cardiomyopathy, char- 
acterised by an altered cellular phenotype due to the impact of multiple mediators 
and toxins. Considerable progress has been made in characterising the clinical spec- 
trum — including autonomic dysfunction — and in elucidating the pathogenetic mech- 
anisms underlying septic and SIRS cardiomyopathy. However trials to establish causal 
therapies for the disease have so far not yielded convincing results and necessitate 
continuing efforts in both basic and clinical research. The pathogenic mechanisms 
underlying septic heart failure may also be operative in non-septic heart failure, which 
goes along with a measurable systemic inflammatory response. 
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Summary. Mitochondria are the major sources of energy for contraction in the heart, gen- 
erating ATP from oxidative processes. The metaboHc adaptations that occur in cardiac hyper- 
trophy cause a switch in substrate provision from fatty acid to glucose oxidation. These 
modifications, together with depletion in critical cofactors and altered gene expression, may 
jeopardise mitochondrial function, resulting in apoptosis and cell loss. The progressive nature 
of these adaptations may underlie the transition from hypertrophy to heart failure. 

Key words: Mitochondria, Magnetic Resonance Spectroscopy, Metabolic Remodelling, 
Cardiac Hypertrophy, Heart Failure. 

INTRODUCTION 

The heart has an enormous requirement for oxygen in order to generate sufficient 
energy to carry out its function to pump blood around the body (1). This is reflected 
in the large number of mitochondria within heart cells together with a high density 
of contractile elements (myofibrils). These significant intracellular structures make 
up greater than 80% of the myocardial cell volume. The mitochondria can be con- 
sidered the powerhouses within the cell, generating energy in the form of ATP from 
the oxidation of nutrients. The enzymes of the tricarboxylic acid (TCA) cycle are 
contained within the mitochondrial matrix and produce NADH and FADH 2 
for oxidation by the electron transport chain. This series of complexes is situated in 
the inner mitochondrial membrane and is tightly coupled to the ATP synthesising 
unit, the FoFi-ATPase. The ATP synthesised within the mitochondria is then 
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transported via the adenine nucleotide translocase and the mitochondrial isoform 
of creatine kinase, into the cytosol for contraction, biosynthesis and maintenance of 
ionic gradients. 

As the heart has a continuous requirement for energy, the balance between energy 
production and energy utilisation has to be carefully regulated (2). This is achieved 
through a number of different mechanisms, each playing a role at different stages of 
maturation. In the neonatal heart, the primary means of control of energy produc- 
tion is through the availabihty of ADP (3), whereas, in the mature heart, this is 
achieved by provision of sufficient reducing equivalents via calcium activated dehy- 
drogenases (4). Overall^ the amount of ATP remains constant in the heart but its 
rate of turnover can change dramatically in response to altered workload. Acute 
increases in workload can modulate key enzyme activities and fluxes through meta- 
bohc pathways, whereas chronic alterations can lead to changes in phenotype. The 
mitochondria thus play a critical role in ensuring that the heart continues to func- 
tion and it is expected that any dysfunction within this organelle will be a major 
component in the progression towards heart failure. 

This chapter highlights the application of magnetic resonance spectroscopy as a 
non-invasive probe of myocardial oxidative metabolism. Investigations of adaptation 
in fuel selection and oxidation in cardiac hypertrophy are described, demonstrating 
the progressive nature of such adaptations. It is suggested that these metabolic con- 
sequences of hypertrophy can become the causes of deterioration into heart failure, 
jeopardising mitochondrial function and resulting in loss of myocytes. 

MAGNETIC RESONANCE SPECTROSCOPY 

Over the past 20 years, the powerful technique of magnetic resonance spectroscopy 
has become an increasingly important tool with which to investigate cardiac energy 
metabolism in situ. Phosphorus-31 MRS has provided a unique non-invasive and 
non-destructive way to visualise cardiac energetics and mitochondrial function 
(5-7). From the relative simple spectrum (Figure 1), the major energy components 
can be identified — phosphocreatine, the energy back-up or reserve, the three phos- 
phates of ATP, the energy currency in the cell, and inorganic phosphate, from which 
the intracellular pH can be determined. This type of spectrum whether obtained 
from a perfused heart in vitro or an in vivo heart provides a gold standard with 
which alterations that occur in diseased states can be monitored. 

More recently, the application of MRS techniques has allowed re-examination 
of intracellular metabolism in situ, determining fluxes through key metabolic path- 
ways simultaneously (8). Carbon- 13 is a stable isotope with a natural abundance of 
only 1.1% and is thus ideally suited as an isotopic tracer. In spectral terms, carbon- 
13 has a wide chemical shift range or “window” which allows each labelled carbon 
atom within a metabolite to be resolved. The major strength of this technique is its 
ability to determine, without separation and isolation, the enrichment and concen- 
tration of a wide range of metabolic intermediates (9). This method represents a sub- 
stantial advance over radioisotope techniques, which focus on the measurement of 
end products and thus limit the number of pathways that can be investigated. 
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Figure 1. Phosphorus magnetic resonance spectrum of a perfused rat heart, showing the major 
energy containing metabolites: phosphocreatine (PCr), the three phosphates of ATP (a, P and y) and 
inorganic phosphate (both intracellular Pij^ and extracellular Piex). 
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Figure 2. MR spectrum of a heart with 5mM l-'^C labelled glucose, highlighting the 
labelling of the carbon 2, 3 and 4 positions of glutamate. 



One potential limitation, however, is the insensitivity of the technique, which 
means that only intermediates, present in sufficient concentration, can be detected by 
MRS. Although the majority of TCA cycle intermediates are present at concentra- 
tions below the level of detection, fortuitously, 2-oxoglutarate is in exchange with 
glutamate — a component present in sufficient amounts (Figure 2). Thus metabolic 
fluxes in the heart can be assessed from the spectral pattern of glutamate (10). 
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Figure 3. Schematic representation of the sequential labelling of TCA cycle intermediates and gluta- 
mate, following administration of l-’O glucose. 



Administration of enriched substrates, such as 1-^^C labelled glucose or uni- 
formly labelled (U-^^C) palmitate, provide a direct way to investigate the contribu- 
tions of different substrates to oxidative pathways. Analysis of the isotopomer 
patterns arising from glutamate yields the relative contribution of both labelled 
and unlabelled (i.e. substrates to oxidative pathways and, together with a 

measure of oxygen consumption, can determine fluxes through metaboHc pathways. 
For example when 1-^^C glucose is oxidised by the heart, the label will be 
metabolised via glycolysis, resulting in labelling of the pyruvate pool in the carbon 
2 position and, subsequently, in the carbon 2 position of acetyl CoA. As this inter- 
mediate enters the TCA cycle, in the first turn of the cycle, the label will be trans- 
ferred to the carbon 4 position of citrate and subsequently to the carbon 4 position 
of 2-oxoglutarate and glutamate. As the ^^C-labelled oxoglutarate is further 
metabolised within the TCA cycle, the label will be randomised between the carbon 
2 and carbon 3 positions (Figure 3). Thus on the second turn of the cycle, ^^C label 
will enter from acetyl CoA again and from the carbon 2 or 3 position of oxaloac- 
etate. Label will then build up in the different positions of glutamate, giving rise to 
multiplets within the individual ^^C resonances (Figure 4). With time, the ratio of 
different multiplets will alter, corresponding to the number of turns through the 
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Figure 4. isotopomer patterns in glutatmate carbon 3 and 4 positions, following administration 
of 1-^^C glucose. 



TCA cycle. This approach has been developed by Jeffrey and colleagues (10) and 
has been used to address questions of substrate competition in the experimental 
setting in the normal heart (11,12) and more recently in the hypertrophied (13) 
and the diabetic heart (14). 

CARDIAC HYPERTROPHY 

Cardiac hypertrophy is recognised as one of the important independent risk factor 
in heart failure (15). This enlargement or “remodelling” is the adaptive response of 
the heart to chronic pressure or volume overload and occurs at the cellular and 
organ level, The trigger of stretch or neurohumoral stimulation induces expression 
of proto-oncogenes within the myocyte and in turn alterations in gene transcrip- 
tion. In consequence, protein expression changes both at a quantitative and quali- 
tative level, resulting in modulation of enzyme activities, increased or decreased 
expression of protein and isoform switching (16). Many of the changes are charac- 
teristic of the foetal heart (17), leading to the suggestion that hypertrophy leads to 
a re-expression of the foetal phenotype. More recent evidence has shown that a 
combined response occurs with a specific down regulation of isoforms expressed in 
the adult phenotype, as well (18). Overall, the hypertrophied heart does not merely 
represent an enlarged normal heart but a separate hypertrophied phenotype. 

In addition to the increase in myocyte size, there are a number of structural 
alterations, which contribute to modifications in metabolism and function of the 
hypertrophied heart. Inter-capillary distance is augmented as a result of hypertro- 
phy, whereas capillary density is reduced giving rise to an overall increased diffu- 
sion distance from vessels to myocytes (19). Although protein synthesis is enhanced, 
there is an imbalance between mitochondrial proliferation and the increase in 
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Table 1. Metabolic consequences in cardiac hypertrophy 



• Decreased energy reserve 

• Enhanced glucose utilisation 

• Reduced fatty acid oxidation 

• Depletion of essential cofactors 



myofibrillar mass. Thus many of the consequences of the onset of hypertrophy — 
including metabolic factors (Table 1), may themselves become important elements 
in the transition from compensated hypertrophy to decompensated heart failure. 

METABOLIC ADAPTATION IN CARDIAC HYPERTROPHY 

Many studies have shown that cardiac hypertrophy is associated with impaired con- 
tractile function and an enhanced susceptibility to ischaemic injury (20-22). The 
mechanisms underlying these effects are not clearly understood. One important 
hypothesis proposes that the hypertrophied heart is in an energy-deprived state 
resulting from an imbalance between energy production and utilisation (23,24). As 
substrate oxidation (energy provision) is tightly coupled to cardiac work (energy 
utilisation), changes in the profile of myocardial energy substrate preference in the 
hypertrophied heart will play a crucial role in the development of pathophysiolog- 
ical hypertrophy and heart failure. 

We and others have investigated myocardial energy metabolism in animal models 
of cardiac hypertrophy and failure (7,25-27) for a number of years. Interestingly, 
we always observe a significant decrease in the concentration of myocardial phos- 
phocreatine, the energy reserve of the heart, irrespective of the model under exam- 
ination. At the same time, we have demonstrated that cardiac function is markedly 
impaired. In parallel with our studies, other groups have observed similar alterations 
in phosphocreatine in experimental models of hypertrophy (27,28) and, more 
recently, in studies of patients with heart failure (29-31). Overall these results high- 
light the fact that the hypertrophied faihng heart is in an energy-deprived state. We 
postulate that this situation arises as a consequence of inadequate provision of sub- 
strate to the mitochondrion. 

It is clear, from experimental studies, that the hypertrophied myocardium is 
markedly different from the normal heart in both its biochemistry and function 
(32). In the normal heart, energy is derived predominantly from fatty acid and 
lactate oxidation with a small but consistent use of glucose (1,33). The exact profile 
of substrate selection, however, will depend upon a number of factors including 
oxygen supply, workload and hormonal influences. Indeed, experimental studies 
have shown that substrate limitation can lead to impaired cardiac function in the 
normal heart. Taegtmeyer and co-workers (34) demonstrated that the use of the 
ketone body, acetoacetate, as the sole substrate, results in deterioration of contrac- 
tile function in the isolated perfused rat heart. Inclusion of anaplerotic substrates 
such as lactate overcomes this contractile impairment. Taegtmeyer has postulated that 
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sequestration of co-enzyme A (CoA) by acetoactetate inhibits one of the critical 
rate limiting steps of the tricarboxylic acid cycle (35), which, in turn, is responsible 
for the dysfunction of the heart. 

Over recent years, the profile of substrate utilisation and the relative contribu- 
tions of different metabolic pathways towards the provision of ATP in the failing 
heart have proved to be an explosive area of research (see 36 for review). Early 
studies identified that glycolytic capacity was enhanced in cardiac hypertrophy (25). 
Subsequently we demonstrated that glucose transport was increased in experimen- 
tal cardiac hypertrophy (37) and Zhang and colleagues observed similar findings in 
vivo (38). These data are consistent with the proposal that myocardial substrate selec- 
tion switches from fatty acid oxidation towards glucose metabolism in hypertrophy 
(39-41), a more efficient process in terms of the amount of ATP derived per atom 
of oxygen consumed (42). More recently, using carbon- 13 MRS, we have investi- 
gated the profile of substrate provision in a model of compensated cardiac hyper- 
trophy (13). Under conditions where function is normal, we still observe a greater 
oxidative use of glucose over the control heart, but with a similar contribution from 
fatty acids (Figure 5). These observations imply that the reliance on glucose 



Relative Contributions of different 
substrates to cardiac energy provision 
in compensated hypertrophy 




Figure 5. The relative contributions of glucose (light grey), palmitate (dark grey) and endogenous 
substrate (black) oxidation in control and hypertrophied rat hearts. 
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precedes other metabolic changes and may reflect a generalised protective response 
(43) rather than a true re-expression of the foetal phenotype. 

In parallel with investigations on glucose metabolism, other workers have shown 
that there is a marked reduction in oxidation of long chain fatty acids such as palmi- 
tate in the hypertrophied myocardium (44,45). This alteration occurs in part as a 
result of a decrease in the myocardial carnitine content (46,47). Carnitine is an 
essential component for the transport of activated long chain fatty acids (acyl CoA) 
from the cytosol to the mitochondrion, where (3-oxidation and subsequent ATP 
production occurs. Any reduction in this cofactor will limit entry of fatty acids into 
the mitochondria and their subsequent oxidation. In addition, the accumulation of 
fatty acyl components will tend to sequester any available CoA and thus reduce the 
amount of free CoA available, which may, in turn, affect the rate of TCA cycle 
turnover and contractile function (35). Alterations in the amount of available CoA 
will also have consequences for the oxidation of glucose (48). A decrease in avail- 
able CoA will reduce the acetyl CoA to CoA ratio, an important factor in the reg- 
ulation of pyruvate dehydrogenase (PDH), the key enzymatic step in the oxidative 
use of glucose. In consequence, despite an increased reliance on glucose (or, more 
generally, carbohydrate metabolism), the hypertrophied heart may have a limited 
capacity to use both glucose and fatty acids (49) and becomes energy depleted and 
unable to function. 

These metabolic adaptations can build up progressively to render individual 
myocytes susceptible to injury (50). Under such conditions, the coupling between 
oxidation and ATP synthesis may be jeopardised, with the mitochondria becoming 
de-energised, resulting in a loss of membrane potential. At this point, we can spec- 
ulate that a vicious cycle starts, with deterioration in the integrated functioning of 
the mitochondria. Alterations in membrane potential (which may result from for- 
mation of the membrane permeability transition, 51) will allow loss of cytochrome 
c, which then can act as an activator of caspase 3 and the apoptotic cascade (52). 
Individual myocytes would then be lost through apoptosis (53), causing the remain- 
ing cardiac cells to bear a greater workload. These cells may hypertrophy further 



Table 2. Progression to Heart Failure 
Adaptation to hypertrophic response 
Re-expression of fetal phenotype 
Changes in energy provision 

X' 

Limited delivery of substrate to mitochondria 
Mismatch between supply and demand 

X 

Deterioration in mitochondrial function 

4 

Apoptosis with hypertrophy of remaining cells 




Mitochondria in Heart Failure 31 



and, in turn, through impaired provision of substrate for oxidation, suffer the same 
fate and undergo apoptosis (Table 2) . Ultimately, the contractile performance of the 
heart will deteriorate into failure. There is increasing evidence for mitochondrial- 
induced apoptosis in heart failure and one of the potential mechanisms for this is 
through abnormal oxidative metabolism. 

CONCLUSION 

With an increased understanding of the metabolic alterations that occur in cardiac 
hypertrophy, it is clear that these modifications can endanger mitochondrial func- 
tion and potentially lead to heart failure. Focus on metabolic therapies (54,55) which 
slow or prevent some of these modifications is now timely and offers hope for future 
treatment of heart failure. 
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Summary. In mammalian hearts, there are two myosin heavy chain (MHC) isoforms, fast- 
type a-MHC and slow-type p-MHC, and the isoform composition changes in response to 
mechanical load. In human atria and rodent ventricles, isoform composition shifts from a- 
to p-MHC under pressure overload. Since a-MHC is related with higher ATPase activity 
and higher velocity of muscle shortening compared to p-MHC, the redistribution towards 
p-MHC could be adaptive response to increased mechanical load for better economy To 
dissect the molecular mechanism underlying the higher economy of p-MHC, we purified 
VI (homodimer of a-MHC) and V3 (homodimer of p-MHC) myosins from rat ventricles 
and characterized the functional differences in vitro. Both Ca^'^-activated ATPase activity and 
actin filament velocity (VEL) in the in vitro motility assay were twice higher in VI com- 
pared to V3. Ensemble force generated by several myosin molecules was measured with a 
laser trap. Isometric force per unit length of actin filament, an index of average force of 
several myosin molecules and time-averaged force of an individual molecule (F^ve), was similar 
between VI andV3. Displacement under low load and isometric force generated by a single 
(or a very small number of) myosin molecule (s) were determined by reducing the number 
of myosin molecules interacting with actin filaments. Both unitary displacement and unitary 
force were equal between these myosins. Notably, however, the event duration was 
significantly longer in V3 under both low load and isometric condition compared to VI. 
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Assuming the two-state model of crossbridge, these results suggest that V3 may have pro- 
portionally slower kinetics in both attachment and detachment of the crossbridge, which can 
explain the similar Importantly, however, to maintain equal level of isometric force, 
V3 may hydrolyze less number of ATP molecules and thus have better economy than VI. 

Key words: myosin isoform, in vitro motility assay, unitary displacement, unitary force, 
duty ratio. 

INTRODUCTION 

Cardiovascular remodeling is structural reconstruction in response to various 
mechanical or neurohumoral stimuli. The remodeling process includes gross mor- 
phological changes in the ventricle such as chamber dilatation and compensatory 
hypertrophy accompanied by alterations in protein expression in myocardial cells, 
the molecular remodeling. Increased mechanical stress imposed on cardiac muscles 
by cardiovascular diseases, such as hypertension, myocardial infarction and valvular 
diseases, induces myocardial hypertrophy. In earlier stages of hypertrophy, mecha- 
nical stress is normalized because of the increased wall thickness and size of indi- 
vidual cardiomyocytes, and cardiac output is maintained. Even in compensated 
hypertrophy, however, the rate of muscle shortening and relaxation decreases, indi- 
cating impaired contractile and diastolic function. These changes are associated with 
altered protein expression in EC coupling and contractile apparatus, which gener- 
ally reduces ATP consumption rate and speed of muscle shortening and relaxation. 
In this respect, these forms of molecular remodeling can be adaptive response to an 
increased mechanical load for better economy of force generation at the expense 
of shortening and relaxation speed. 

Myosin is a motor protein transforming the chemical energy derived from ATP 
hydrolysis into mechanical work while cyclically interacting with actin. The cardiac 
myosin is a hexamer consisting of 2 heavy chains and two pairs of light chains, the 
essential light chain (LCl or EEC) and the regulatory light chain (LC2 or RLC). 
The heavy chain contains sites for actin-binding, ATP hydrolysis and light chain- 
binding, all of which are essential for catalytic and motor function of the molecule. 
In mammalian cardiac myosin, there are two types of isoforms in the heavy chain 
and each of the light chains, and expression of each isoform is regulated in tissue- 
specific and developmental stage-specific manners. The isoform composition is also 
known to change in response to mechanical load or various hormonal stimuli. 

There are two types of myosin heavy chain isoforms expressed in mammalian 
hearts, a- and P-heavy chains (MHC), which are encoded by closely-related two 
genes positioned sequentially on chromosome 14. Initially, the myosin isoforms in 
the ventricles were separated on pyrophosphate gel electrophoresis into three iso- 
forms, termed VI, V2, andV3 according to the mobility on the native condition (1), 
which are consisted of aa, ap, and pp MHC dimmers, respectively (Table 1). In 
adult rat ventricles, VI is the predominant isoform, and the composition shifts from 
VI to V3, i.e., a- to p-MHC, under pressure overload. The MHC isoforms also 
changes in response to thyroid status: the composition redistributes towards VI in 
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Table 1. Myosin heavy chain (MHC) isoforms 
associated with distinct enzymatic and motor function 
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hyperthyroidism and towards V3 in hypothyroidism. Distinct MHC isoforms are 
related with differences in both enzymatic and mechanical function of cardiac 
muscles (Table 1). Cardiac muscle fibers with higher content of VI shorten faster 
than those containing predominantly V3, and the maximum shortening velocity 
(Vnaax) corrcktcd with VI content of cardiac myosin (2,3). As Barany initially demon- 
strated in various types of muscles (4), there is a good correlation between Vmax 
and ATPase activity in cardiac muscles (2,3). 

From an energetic aspect, Alpert and Mulieri determined thermomechanical 
economy (tension dependent heat divided by force-time integral) in hypertrophied 
rabbit cardiac muscles induced by pressure overload and revealed that hypertrophied 
muscles with increased content of V3 had higher economy compared to the 
control subjects (5) (Table 1). They proposed that different crossbridge cycling rates 
between these isoforms could account for the difference in both mechanical and 
enzymatic properties, i.e.,Vl has faster crossbridge cycling rate and higher ATPase 
activity and shortening velocity with lower economy of force generation compared 
to V3 (6). In a thermomechanical study, Hasenfuss et al. estimated average force- 
time integral per crossbridge cycle and showed that it correlated with V3 content 
(7). These results supported the idea that the isoform shift from VI to V3 could be 
adaptive response to an increased hemodynamic load, in view of increased economy 
of force generation. 

In these studies with muscle preparations, however, confounding effects of EC cou- 
pling and cooperative activation process of the thin filament could not be eliminated. 
To circumvent these problems, we adopted the in vitro assay systems, where actin- 
myosin interaction was reconstituted from isolated proteins in vitro, and character- 
ized the functional differences between these isoforms. Recent progress in molecular 
physiology enabled us to measure distance and force in nanometer and piconewton 
resolution and analyze the motor function of myosin at the molecular level. 

MATERIALS AND METHODS 
Proteins 

VI andV3 myosins were obtained from the ventricles of 12-week-old male rats and 
hypothyroid rats treated with l-methyl-2-mercaptoimidazole in drinking water, 
respectively (8). Purity of each myosin isoform was confirmed by pyrophosphate 
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Figure lA. The in vitro motility assay system. Fluorescendy labeled actin filaments (FA) slide over 
myosin molecules (M) fixed on a glass cover slip. The velocity of sliding movement of the filaments 
was determined under a fluorescence microscope. 



gel electrophoresis (data not shown). Actin and plasma gelsolin were prepared from 
rabbit back muscle and bovine plasma, respectively, as described (9). 

In vitro motility assay system 

The sliding actin filament assay was done by the methods of Kron and Spudich (10) 
(Figure lA). Briefly, fluorescendy labeled actin filaments slid over myosin molecules 
fixed on a glass coverslip, and the sliding velocity of the filaments was measured 
under fluorescence microscope. Since the load imposed on the actin filaments was 
considered to be negligible, the sliding velocity of the filaments indicated the rate 
of unloaded sliding movement of actin and myosin in vitro and was comparable to 
the values estimated from unloaded muscle shortening (10). 

Measuring ensemble force of crossbridges 

To measure force produced by several myosin molecules, we utilized laser trap tech- 
niques (optical tweezers) (9). A strongly focused laser beam produced force pulling 
a small particle towards the high focus of the beam and the force amplitude was 
proportional to the distance from the focus like a Hookian spring (11-13) (Figure 
2A-C). Briefly, a small polystylene bead (1 |im in diameter) was crosslinked with 
gelsolin, which specifically bound to the barbed end of an actin filament, and a 
single fluorescent actin filament was bound to the bead via gelsolin (9). The bead 
was captured by a laser trap and manipulated so that the actin filament could inter- 
act with the myosin molecules fixed on a glass surface. Myosin molecules interacted 
with actin and pulled the filament towards the pointed end. Since the force was 
proportional to the distance between the bead position and the trap center, the force 
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Figure IB. Ca -activated ATPase activity (left) and shding velocity (right) of VI andV3. Both 
ATPase activity and shding velocity of VI were approximately twice higher than those of V3 
(1.23 vs, 0.60(imol/mg min, 4.8 vs. 2.4 pm/sec), which showed significant correlation between these 
parameters. 






Figure 2A. Measuring ensemble force of several myosin molecules with a laser trap. A small poly- 
stylene bead (PB) attached to a single fluorescently labeled actin filament (FA) was manipulated with a 
laser trap (LT) so that FA could interact with myosin molecules (M) on a glass coverslip. 
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Time ( sec ) 



Figure 2B. A record of time course of the bead position. As the actin filament slid over myosin, the 
bead was pulled away from the trap center and finally stalled, when the trap force was balanced with 
the isometric force generated by the myosin molecules (stall force). 




Figure 2C. Since the laser trap acts as a Hookian spring, the force exerted on the bead (F) equals to 
the product of the trap stiffness (k) and the distance between the bead and the trap center (d), i.e., 

F = k X d. Since the number of myosin molecules pulling the bead is proportional to the length of 
actin filament interacting with the myosin layer (L), the stall force (F) linearly correlates with L. 
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Figure 2D. The relationship between the stall force (F) and the filament length (L) in VI andV3. 
F Hnearly correlated with L in both myosins with similar slopes. 



could be calculated as the product of the displacement from the trap center and the 
trap stiffness. The length of filament interacting with the myosin molecules was mea- 
sured on the focal plane under the fluorescence microscope (Figure 2C). 

Measuring unitary displacement and force 

To analyze motor function of a myosin molecule, we recorded single events of actin- 
myosin interaction in vitro and determined force and displacement generated by a 
myosin molecule (14). By adsorbing myosin molecules on the glass surface very 
sparsely and improving time and spatial resolution with a quadrant photodiode 
detector, we succeeded in recording single events (Figure 3A). When a single (or a 
very small number of) myosin molecule (s) was interacting with the actin filament, 
the position of the bead exhibited discrete step-wise displacements at low trap 
stiffness (Figure 3B). To measure isometric force generated by a single myosin 
molecule, the bead position was feedback controlled to be held stationary in posi- 
tion (14) (Figure 3C). Discrete steps were scored in the records by eye according 
to criteria similar to those of Finer et al. (12). 

Statistical analysis 

Data were expressed as mean ± SD. A 2-tailed unpaired Student t-test was used to 
determine significant differences between group means and fit parameters. A value 
of p < 0.05 was considered significant. 
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Figure 3 A. Recording of single events of actin-myosin interaction by a laser trap (LT). Myosin 
molecules (M) were adsorbed very sparsely by diluting the myosin solution to 0.5— L0|ig/mL before 
adsorbing on the glass surface. The bead movement was recorded by projecting the bright-field image 
of the bead onto a quadrant photodiode detector (PD) and the position was detected in nanometer 
resolution. Discrete events of interaction of a single actin filament (FA) and a single (or a very small 
number of) myosin molecule(s) were recorded as step-wise displacements of the bead position 
(bottom) . 



RESULTS 

Actin filament velocity and Ca^^-activated ATPase activity 

The actin filament velocity and Ca^'^-activated ATPase activity of VI were twice 
higher than those ofV3, showing correlation between these parameters (8) (Figure 
IB). These results were comparable to the values estimated from unloaded muscle 
shortening (2,3) and those of similar assays by other researchers (15,16). 

Ensemble force of crossbridges 

The stall force, which was balanced with the trap force, was considered to be ensem- 
ble force generated by several myosin molecules and correlated with the length of 





Figure 3B. Displacement records at low trap stiffness (0.03-0.06 pN/nm) and very low MgATP 
concentration (O.Spmol/L). Step displacements were composed of higher (arrows) and lower (arrow 
heads) ampHtudes. The mean amplitudes of discrete steps were not different between VI and V3, while 
the duration of each step (Tio^) was longer in V3 than VI (Table 2). 
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Figure 3C. Isometric force records with feed-back control of the trap position. The output of the 
quadrant photodiode detector (PD) was fed to a feed-back circuit to control the trap position by 
driving piezoelectric mirrors rapidly so that the bead was held stationary in position. Vertical deflec- 
tions indicate movement of the trap position, representing force transients. The mean amplitudes of 
force transients were not different between VI andV3, while the duration of each step (T,so) was 
longer inV3 than VI (Table 2). 
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filament on the myosin layer. When both VI andV3 were absorbed on the surface 
at the same concentration (250|Xg/ml), the slopes of the relationship between the 
force and filament length were similar between these myosins (2.8 vs. 3.1pN/pm) 
(Figure 2D). Since the densities of myosin molecules on the glass surface estimated 
by measuring ATPase activity per unit surface area of the myosin layer were similar 
between these myosins (1.47 ± 0.19 vs. 1.57 ± 0.13ng/mm^), the number of myosin 
molecules interacting with unit length of actin filament was considered to be similar. 
Therefore, average force generated by several myosin molecules could be similar 
between VI andV3. 

Unitary displacement and unitary force 

Typical recordings of the displacement events were shown in Figure 3B. Mean 
amplitudes of discrete steps were not different between these myosins (15.3 ± 14.6 
vs. 14.9 ± 6.7 nm, N.S.). Histogram of the displacement amplitude exhibited a 
broad distribution with two peaks, which correspond to the displacement steps with 
higher and lower amplitudes (arrows and arrow heads in Figure 3B). If we assume 
that each step is a sum-up of unitary displacements (Dun,) of^ single events of actin- 
myosin interaction, the amplitude distribution consisted of two gaussian curves with 
peaks at around 9nm and 18nm in both myosins. The results suggested that the 
amplitude of Duni was equal between VI and V3, being around 9nm. The mean 
duration of displacement events (Tiovs), however, was 38% longer inV3 compared to 
VI (Table 2). 

Figure 3C shows typical recordings of force transients. The mean amplitudes of 
force transients were not significantly different between these myosins (1.2 ± 0.6 vs. 
1.6 ± 0.9 pN, N.S.). In both myosins, the force amplitudes distributed with a single 
peak at around 1.8pN, suggesting that unitary force (Fyni) was similar between VI 
and V3, being around 1.8pN. However, the mean duration of force transients (T,so) 
was 50% longer in V3 than in VI (Table 2). The results were basically consistent 
with those by Palmiter et al., who also reported equal D^n, (~7 nm) and F^ni 
(-0.8 pN) between VI and V3 and longer duration of displacement events for V3 
(17). In summary, the amplitudes of D^ni and Fu„, were not different between VI 
andV3, while the event duration was significantly longer in V3 than VI. 



Table 2. Summarized data of single molecule 
experiments under low load and isometric conditions 





Low load 


Isometric 




Duni (nm) 


Tlow (ms) 


Funi (pN) 


Tiso (ms) 


VI 


~9 


205 ± 5 


-1.8 


333 ± 14 


V3 


~9 


*♦283 ± 20 


-1.8 


**488 ± 82 



Duni, unitary displacement; Tlow, duration of the displacement events; Funi, 
unitary force; Tiso, duration of the isometric events. **p < 0.01 vc. Vl. 
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DISCUSSION 

VI and V3 have equal force-generating ability 

The long-lasting question has been why and howV3 has higher economy of force 
generation compared to VI. Does V3 molecule produce higher level of force per 
crossbridge, or similar level of force compared to VI? If VI andV3 generate similar 
level of force, why V3 has higher economy of force generation? Although there were 
a number of studies measuring force of muscle strips or single cardiomyocytes con- 
taining predominantly VI orV3, their results were still controversial on this point 
(18-24). In the literature, the number of studies reporting similar level of force 
between VI andV3 was larger than that of studies concluding higher force level for 
V3 (18-20,23,24). Hypertrophied cardiac muscles with higher V3 content induced 
by pressure overload produced similar level of maximum force compared to VI- 
dominant control subjects (18,19). Shibata et al. also reported similar force- 
generating ability between hyperthyroid and euthyroid rabbits (VI and V3- 
dominant, respectively) (20). On the other hand, some researchers reported higher 
force-generating ability in V3-dominant cardiac muscles (21,22). More recently, 
Fitzsimons et al. and Metzger et al. utilizing skinned single cardiomyocytes reached 
the same conclusion: similar maximal tension between control (VI -dominant) and 
hypothyroid (100% V3) rats (23,24). Metzger et al. also measured instantaneous stiff- 
ness to estimate the number of crossbridges interacting with actin and concluded 
that force production per crossbridge was not different between VI and V3 (24). 
The present results were consistent with these recent results. It is noteworthy, 
however, that VanBuren et al., using a glass microneedle to measure ensemble force 
generated by myosin molecules, reported twice higher average force in V3 com- 
pared to VI (16). The cause of these discrepant results is not clear, but different 
species of the animal model (young rats vs. hyperthyroid rabbits for VI; hypothy- 
roid rats vs. hypothyroid rabbits forV3), methods in measuring force (laser trap vs. 
glass microneedle), and methylcellulose concentrations in the assay buffers (0.2% vs. 
0.375%) might explain the discrepancy. 

Two-state model of crossbridge 

Assuming that VI and V3 have similar force-generating ability as shown above, why 
V3 has higher economy of force generation than VI? To answer the question, we 
interpreted the present results in the two-state model of crossbridge, originally pro- 
posed by A. F. Huxley (25). It is believed that cyclic interaction of actin and myosin 
is a multistep enzymatic reaction coupled with ATP hydrolysis. In this model, 
multiple intermediate states of the crossbridge cycle were grouped into two states, 
the attached state (or force-generating state) and the detached state (or non force- 
generating state) (Figure 4). If we assume that myosin molecules interact with actin 
filament randomly, the average force of several myosin molecules equals to the time- 
averaged force of an individual molecule (Fa^e), which is given as the product of the 
unitary force (FJ and the duty ratio (f), where the unitary force is the amplitude 
of force generated by a single myosin molecule in the attached state, and the duty 
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Figure 4. The two-state model of crossbridge. Fu„„ unitary force of a single crossbridge; time- 
averaged force of a single crossbridge; to„, duration of the attached state; t^ff, duration of the detached 
state; f,, rate constant of the transition from the detached state to the attached state; gi, rate constant 
of the transition from the attached state to the detached state. 



ratio (f) is the fraction of time in the attached state (ton) against the total cycling 
time (ton + toff) under isometric condition. 

Fave = Funi X f 
f = ton/ ton + toff 

Similar Fave and F^ni between VI and V3 in our results suggest that f can be also 
similar between these myosins. In this model, if fi and gi are defined as the rate 
constants of transitions from the detached state to the attached state and the attached 
state to the detached state, respectively, ton and toff will be given as inverses of gi and 
fi, respectively. 

ton = 1 / gl 

toff = l/f 1 

Therefore, duty ratio (f) will be given as fi/(fi + gi) and a function of gj/f ratio 
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f=fi/(fi+gi) = i/(i+gi/fi) 

Since Ti^o in the our results is the duration of isometric events in vitro and can be 
an index of ton in the model, the longer T, 3 o in V3 suggests that ton niay also be 
longer and thus gi may be smaller inV3 than VI. ATPase rate under isometric con- 
dition (ATPase) of a single crossbridge is given as an inverse of the total cycling 
time (ton + toff). 



ATPase = l/f 1 + l/gl = (fl + gl)/(fl X gl) 

If we define the economy of force production of a single crossbridge (Eco) as the 
time-averaged force (Fa^e) divided by the ATPase rate, Eco equals to Funi/gi- 

Eco = Fave/ ATPase 
= F„„/g, 

Since F^ni is similar between VI and V3, E^o will be inversely correlated with gi. 
Thus, the better economy in force generation reported by researchers can be 
explained by the longer ton and smaller gi in the crossbridge kinetics in V3 com- 
pared to VI. If we assume that f^ is proportionally smaller inV3 than VI and gi/fi 
ratio is equivalent between these myosins, we can explain the similar duty ratio (f) 
and time-averaged force (F^ve). Importantly, while VI and V3 have similar force- 
generating ability, V3 consumes less number of ATP molecules to maintain the same 
level of isometric force and thus may have better economy in force maintenance 
compared to VI. 

Functional significance of MHC isoforms in humans 

In human atria, under pressure or volume overload, the MHC isoforms shift from 
a- to p-MHC, and the fraction of p-MHC correlates with the severity of the pres- 
sure overload (26). In human ventricles, however, it is controversial whether MHC 
isoforms also change under mechanical overload, because p-MHC is the predomi- 
nant isoform in normal subjects. Formerly, Mercadier et al. reported that human 
ventricles contained up to 15% of a-MHC and ATPase activity of myosin corre- 
lated with the a-MHC content (27). Recently, it was reported that relative amount 
of a-MHC mRNA to the total MHC mRNA in the ventricles was much higher 
in normal subjects (33.3%) than reported in previous studies and significantly 
decreased in chronic end-stage heart failure (2.2%) (28,29). Also, at the protein level, 
ventricular tissues from nonfailing humans contained up to 10% of a-MHC in the 
total MHC, and the relative content of a-MHC significantly decreased in failing 
ventricles (30,31). Although the net change of MHC isoform content in failing 
human ventricles was much smaller than that observed in rodent hypertrophy 
models, even a small shift in the MHC isoform could have significant physiologi- 
cal relevance, because transgenic expression of p-MHC up to 12% of the total MHC 
had dominant-negative functional consequences in mice (32). 
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CONCLUSION 

Two MHC isoforms, a- and P-MHC, have distinct catalytic and motor function. 
The p-MHC may have slower kinetics of crossbridge attachment and detachment, 
while the unitary displacement and force of a single crossbridge were indistin- 
guishable between these isoforms. Although force-generating ability, estimated from 
the average force of several myosin molecules, was similar between these isoforms, 
the P-MHC could hydrolyze less number of ATP molecules to maintain equal level 
of force and have higher economy of force generation than V 1 . 

ACKNOWLEDGMENTS 

This study was supported in part by a Grant-in-Aid for Scientific Research on 
Priority Areas (Differentiation and Regulation of Cardiac Cells), a Grant-in-Aid for 
Scientific Research (C- 13670689) from the Ministry of Education, Culture, Sports, 
Science and Technology, and the Vehicle Racing Commemorative Foundation. 



REFERENCES 

1. Hoh JFY, McGrath PA, Hale PT. 1978. Electrophoretic analysis of multiple forms of rat 
cardiac myosin; effects of hypophysectomy and thyroxine replacement. J Mol Cell Cardiol 10: 
1053-1076. 

2. Schwartz K, Lecarpentier Y, Martin JL, Lompre AM, Mercadier JJ, Swynghedauw B. 1981. Myosin 
isozymic distribution correlates with speed of myocardial contraction. J Mol Cell Cardiol 
13:1071-1075. 

3. Pagani ED, Julian FJ. 1984. Rabbit papillary muscle myosin isozymes and the velocity of muscle 
shortening. Circ Res 54:586-594. 

4. Barany M. ,1967. ATPase activity associated with the speed of muscle shortening. J Gen Physiol 
505:197-218. 

5. Alpert NR, Mulieri LA. 1982. Increased myothermal economy of isometric force generation in 
compensated cardiac hypertrophy induced by pulmonary artery constriction in the rabbit. Circ Res 
50:491-500. 

6. Holubarsch CH, Goulette RP, Litten RZ, Martin BJ, Mulieri LA, Alpert NR. 1985. The economy 
of force development, myosin isoenzyme pattern and myofibrillar ATPase activity in normal and 
hyperthyroid rat myocardium. Circ Res 56:78-86. 

7. Hasenfliss G, Mulieri LA, Blanchard EM, Holubarsch C, Leavitt BJ, Ittleman F, Alpert NR. 1991. 
Energetics of isometric force development in control and volume-overload human myocardium; 
comparison with animal species. Circ Res 68:836-846. 

8. Sata M, Sugiura S, Yamashita H, Momomura S, Serizawa T. 1993. Dynamic interaction between 
cardiac myosin isoforms modifies velocity of actomyosin sliding in vitro. Circ Res 73:696—704. 

9. Sugiura S, Kobayakawa N, Momomura S, Chaen S, Omata M, Sugi H. 1996. Different cardiac myosin 
isoforms exhibit equal force-generating ability in vitro. Biochim Biophys Acta 1273:73—76. 

10. Kron SJ, Spudich JA. 1986. Fluorescent actin filaments move on myosin fixed to a glass surface. 
Proc Natl Acad Sci U S A 83:6272-6276. 

11. Ashkin A. 1992. Forces of a single-beam gradient laser trap on a dielectric sphere in the ray optics 
regime. Biophys J 61:569-582. 

12. Finer JT, Simmons RM, Spudich JA. 1994. Single myosin molecule mechanics: piconewton forces 
and nanometre steps. Nature 368:113-119. 

13. Guilford WH, Dupuis DE, Kennedy G, Wu J, Patlak JB, Warshaw DM. 1997. Smooth muscle and 
skeletal muscle myosins produce similar unitary forces and displacement in the laser trap. Biophys J 
72:1006-1021. 

14. Sugiura S, Kobayakawa N, Fujita H, Yamashita H, Momomura S, Chaen S, Omata M, Sugi H. 1998. 
Comparison of unitary displacements and forces between 2 cardiac myosin isoforms by the optical 
trap technique: molecular basis for cardiac adaptation. Circ Res 82:1029-1034. 




Myosin Heavy Chain Isoforms Modulate Cardiac Function 49 



15. Harris DE, Work SS, Wright RK, Alpert NR, Warshaw DM. 1994. Smooth, cardiac, and skeletal 
muscle myosin force and motion generation assessed by cross-bridge mechanical interaction in vitro. 
J Muscle Res Cell Motil 15:11-19. 

16. VanBuren P, Harris DE, Alpert NR, Warshaw DM. 1995. Cardiac VI andV3 myosins differ in their 
hydrolytic and mechanical activities in vitro. Circ Res 77:439—444. 

17. Palmiter KA,Tyska MJ, Dupuis DE, Alpert NR, Warshaw DM. 1999. Kinetic differences at the single 
molecule level account for the functional diversity of rabbit cardiac myosin isoforms. J Physiol 519: 
669-678. 

18. Maughan D, Low E, Litten R III, Brayden J, Alpert N. 1979. Calcium-activated muscle from hyper- 
trophied rabbit hearts: mechanical and correlated biochemical changes. Circ Res 44:279—287. 

19. Rupp H. 1981. The adaptive changes in the isoenzyme pattern of myosin from hypertrophied rat 
myocardium as a result of pressure overload and physiological training. Basic Res Cardiol 76:79-88. 

20. Shibata T, Hunter WC, Sagawa K. 1987. Dynamic stiffness of barium-contractured cardiac muscle 
with different speeds of contraction. Circ Res 60:770-779. 

21. Loiselle DS, Wendt IR, Hoh JFY. 1982. Energetic consequences of thyroid-modulated shifts in ven- 
tricular isomyosin distribution in the rat. J Muscle Res Cell Motil 3:5-23. 

22. Saeki Y, Kako C, Totsuka T, Yanagisawa K. 1987. Mechanical properties and ATPase activity in 
glycerinated cardiac muscle of hyperthyroid rabbit. Pflugers Arch 408:578-583. 

23. Fitzsimons DP, Patel JR, Moss RL. 1998. Role of myosin heavy chain composition in kinetics of 
force development and relaxation in rat myocardium. J Physiol 513:171-183. 

24. Metzger JM, Wahr PA, Michele DE, Albayya F, Westfall MV. 1999. Effects of myosin heavy chain 
isoform switching on Ca^Cactivated tension development in single adult cardiac myocytes. Circ Res 
84:1310-1317. 

25. Huxley AF. 1957. Muscle structure and theories of contraction. Prog Biophys Biophys Chem 7: 
255-317. 

26. Tsuchimochi H, Sugi M, Kuro-o S, Ueda F, Takaku F, Furuta S, Shirai T, Yazaki Y. 1984. Isozymic 
change in myosin of human atrial myocardium induced by overload: immunohistochemical study 
using monoclonal antibodies. J Clin Invest 74:662-665. 

27. Mercadier JJ, Bouveret P, Gorza L, Schiaffino S, Clark WA, Zak R, Swynghedauw B, Schwartz K. 
1983. Myosin isoenzymes in normal and hypertrophied human ventricular myocardium. Circ Res 
53:52-62. 

28. Nakao K, Minobe W, Roden R, Bristow MR, Leinwand LA. 1997. Myosin heavy chain gene expres- 
sion in human heart failure. J Clin Invest 100:2362-2370. 

29. Lowes BD, Minobe W, Abraham WT, Rizeq MN, Bohlmeyer TJ, Quaife PuA, Roden RL, Dutcher 
DL, Robertson AD,Voelkel NF, Badesch DB, Groves BM, Gilbert EM, Bristow MR. 1997. Changes 
in gene expression in the intact human heart: downregulation of a-myosin heavy chain in hyper- 
trophied, failing ventricular myocardium. J Clin Invest 100:2315-2324. 

30. Miyata S, Minobe W, Bristow MR, Leinwand LA. 2000. Myosin heavy chain isoform expression in 
the failing and nonfailing human heart. Circ Res 86:386-390. 

31. Reiser PJ, Portman MA, Ning XH, Schomisch Moravec C. 2001. Human cardiac myosin heavy 
chain isoforms in fetal and failing adult atria and ventricles. Am J Physiol 280:H1814-H1820. 

32. Tardiff JC, HewettTE, Factor SM,Vikstrom KL, Robbins J, Leinwand LA. 2000. Expression of the 
(3 (slow) -isoform of the MHC in the adult mouse heart causes dominant-negative functional effects. 
Aan J Physiol 278:H412-H419. 




Pathophysiology of Cardiovascular Disease, 
edited by N.S. Dhalla, H. Rupp, 

A. Angel & G.N. Pierce 

Kluwer Academic Publishers, Boston, 2004 



Role of Reactive Oxygen 
Species in the Regulation of 
Cardiac Myocyte Phenotype 

Melanie Maytin, Douglas B. Sawyer, and Wilson S. Coined 



Cardiovascular Medicine Section, Department of Medicine, 
Boston University Medical Center and the Myocardial Biology Unit, 
Boston University School of Medicine, Boston, MA 



Summary. In cardiac myocytes in vitro, ROS can cause either hypertrophy or apoptosis in a 
concentration-dependent manner with hypertrophy in response to low levels of ROS and 
apoptosis in response to higher levels. Likewise, there is evidence that ROS mediate the 
hypertrophic effects of a-adrenergic receptor stimulation and low-level mechanical strain, and 
the apoptotic effects of (3-adrenergic receptor stimulation or higher amplitude mechanical 
strain. The MAPK signaling pathway appears to mediate several of these effects of ROS. Erk 
is involved in the hypertrophic response to low levels of ROS, low amplitude mechanical 
strain and a-adrenergic receptor stimulation. In contrast, JNK is involved in the apoptotic 
effect of higher levels of ROS, high amplitude mechanical strain and p-adrenergic receptor 
stimulation. These observations indicate that ROS play a critical role in the determination 
of myocyte phenotype in response to a variety of stimuli associated with cellular growth 
or death. 

Key words: cardiac myocytes, phenotype, apoptosis, hypertrophy, reactive oxygen species. 

INTRODUCTION 

There is mounting evidence that oxidant stress is increased in the failing heart and 
may contribute to myocardial remodeling at the level of the cardiac myocyte (1) 
(2-4). Myocardial remodeling involves a number of structural and functional 
changes, characterized at the molecular and cellular level by myocyte hypertrophy 
(5), cell loss via apoptosis or necrosis (6), and changes in the quantity and quality 
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of the interstitial matrix (7,8). As our understanding of the mechanisms that under- 
lie remodeling grows, reactive oxygen species (ROS) and oxidant stress increasingly 
appear to play a central role in regulating the phenotype of cardiac myocytes. 
Cardiac myocytes may express multiple phenotypes as related to cell structure and 
function. At least two phenotypes, hypertrophy and apoptosis, have been implicated 
in the pathophysiology of myocardial remodeling and failure. 

MYOCYTE HYPERTROPHY 

ROS appear to exert graded, concentration-dependent effects on myocyte pheno- 
type in vitro. A small increase in oxidant stress in cultured cardiac myocytes stim- 
ulates myocyte growth, whereas larger increases stimulate apoptosis. We increased 
Oi cellular superoxide (O 2 ”) levels by inhibiting copper-zinc superoxide dismutase 
(CuZnSOD) with the copper chelator diethyldithiocarbamic acid (DDC). Exposure 
of neonatal rat cardiac myocytes in primary culture to low concentrations of DDC 
(1-1 OpM) for 24 hours caused a small increase in ROS levels and was associated 
with increases in protein synthesis, cell size and ANF mRNA expression (9). These 
cellular events were prevented by treatment with antioxidants, supporting the con- 
clusion that oxidant stress stimulates myocyte hypertrophy. 

ROS-dependent hypertrophic stimuli 

Other stimuli for myocyte hypertrophy appear to also be ROS-mediated. For 
example, we found that low amplitude mechanical strain (5% nominal stretch) 
increases ROS formation in cultured cardiac myocytes and is associated with 
increases in protein synthesis, cell size and fetal gene expression (10). This hyper- 
trophic effect of mechanical strain was inhibited by the SOD/catalase mimetic 
Mn(II/III)tetrakis(l-methyl-4-peridyl) (MnTMPyP), thus implicating the role of 
ROS. TNF-a, angiotensin II and a-adrenergic receptor stimulation all cause ROS- 
mediated myocyte hypertrophy which can be inhibited by concurrent treatment 
with soluble antioxidants (11,12). Similarly, endothelin modifies early response gene 
expression via ROS-dependent activation of ras (13) and ouabain causes myocyte 
hypertrophy through ROS-dependent activation of a pathway involving ras and 
mitogen-activated protein kinases (MAPK) (14). 

Source of hypertrophic ROS 

The mechanism by which these hypertrophic stimuli increase myocyte ROS for- 
mation is unclear. However, there is evidence that NAD(P)H oxidase may play a 
role for at least some of the stimuli (Figure 1). In adult rat ventricular myocytes, 
we found that ai -adrenergic receptor-stimulated activation of the extracellular-signal 
regulated kinase 1 and 2 (ERK) is completely prevented by the NAD(P)H oxidase 
inhibitor, diphenylene iodonium, whereas inhibition of the mitochondrial respira- 
tory chain with rotenone had no effect (15,16). The neutrophil NAD(P)H oxidase 
is a complex consisting of at least four subunits, including two membrane-spanning 
components (p22phox, gp91phox) and two cytosolic components (p67phox, 
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Figure 1. Proposed central role of ROS in determining cardiac myocyte phenotype. Several stimuli 
which cause myocyte hypertrophy, including angiotensin, tumor necrosis factor-a, endothelin, Uj- 
adrenergic receptor agonists and low amplitude mechanical strain, activate growth promoting kinase 
pathways in an ROS-dependent manner possibly involving an NAD(P)H oxidase. Other stimuli 
including Pi-adrenergic receptor stimulation and higher amplitude mechanical strain, cause myocyte 
apoptosis which may be mediated by an ROS-dependent activation of the mitochondrial death 
pathway. Many aspects of this model remain to be elucidated including the precise sources of ROS 
for each type of remodeling stimulus, and the role of the type, location and intensity of ROS in 
determining the net effect of a particular stimulus on distal signaling pathways and myocyte pheno- 
type. Reproduced with permission (37). 



p47phox) (17). In the cardiovascular system, a similar oxidase system has been iden- 
tified in several cell types, albeit with different component structures and biochemi- 
cal characteristics (17). The expression of the four major subunits (p22phox, 
gp91phox, p67phox, p47phox) of NAD(P)H oxidase has been demonstrated in 
adult rat ventricular myocytes by reverse transcriptase-polymerase chain reactions 
(RT-PCR) and northern blot analysis (16). The relevance of NAD(P)H oxidase in 
the myocardium has been suggested by in vivo experiments with the gp91phox 
knockout mouse (18,19). In this mouse, subpressor doses of angiotensin II caused 
cardiac hypertrophy associated with increased expression of a fetal gene program, 
increased myocyte cross-sectional area and decreased myocardial collagen content as 
compared with wild-type mice. 
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MYOCYTE APOPTOSIS 

While low levels of ROS cause myocyte growth, higher levels are capable of acti- 
vating the apoptotic death program that has been implicated in the pathophysiol- 
ogy of heart failure (9,10,20). As discussed above, in neonatal rat ventricular 
myocytes we found that low levels of ROS caused by low concentrations of DDC 
stimulate hypertrophy In contrast, higher concentrations of DDC, which resulted 
in higher levels of ROS, stimulate myocyte apoptosis as assessed by nuclear mor- 
phology andTUNEL staining for DNA fragmentation (9). This effect of DDC was 
associated with increased expression of Bax, a pro-apoptotic member of the Bcl-2 
family, whereas lower, hypertrophic concentrations of DDC did not increase Bax. 
At still higher levels, ROS can result in necrotic cell death. The apoptotic effect of 
ROS described above occurs at sub-necrotic concentrations. 

Mechanical strain 

Apoptosis induced by remodeling stimuli such as mechanical strain may also be 
mediated by ROS. Cheng and colleagues demonstrated an increase in 07 produc- 
tion and myocyte apoptosis in papillary muscles subjected to a static mechanical 
load for four hours (21). The apoptosis was inhibited by addition of a source of 
NO, which may have acted to decrease 07 levels by combing to form “ONOO. 
Further evidence for the role of ROS in stretch-induced cell death comes from 
studies of isolated ventricular myocytes. High amplitude strain (25% nominal stretch) 
in isolated cardiac myocytes increased the frequency of apoptosis as measured by 
TUNEL or DNA laddering, with an associated increase in Bax expression (10). The 
stretch-induced apoptosis was associated with increased ceUular ROS and was inhib- 
ited by treatment with an SOD mimetic, thus implicating ROS in the mediation 
of stretch-induced apoptosis. 

p-Adrenergic receptor-stimulated apoptosis 

P-adrenergic receptor (pAR) stimulated-apoptosis appears to be mediated by 
ROS. We (22) and others (23) have shown that PAR stimulation for 24 hours 
causes an increase in the frequency of apoptosis in adult rat ventricular myocytes. 
In this model system, apoptosis is increased by stimulation of PiAR coupled to 
G/ adenylyl cyclase. In contrast, P 2 AR stimulation exerts an anti-apoptotic effect via 
coupling to Gi (24). PAR-stimulated apoptosis can be inhibited by treatment with 
an SOD/ catalase-mimetic, further implicating a role of ROS (25). Similar to other 
models of ROS-mediated apoptosis, pAR stimulation is associated with increased 
Bax and decreased Bcl-XL and Bcl-2 expression, thus implicating a mitochondrial 
pathway (23). Moreover, PAR stimulation increases the translocation of cyto- 
chrome c from the mitochondria to the cytosol, as measured by protein levels and 
increased caspase-3 activity (25). Further support for the involvement of mito- 
chondrial pathways in PAR stimulated-apoptosis comes from Zaugg and colleagues 
who demonstrated an increase in caspase 9, but not caspase 8, activity with piAR 
stimulation (23). 
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Anthracyclines 

Anthracyclines can induce cardiac myocyte apoptosis and necrosis and has been asso- 
ciated with ROS generation (26). In vitro, we have shown that the iron chelator, 
dexrazoxane, inhibits anthracycline-stimulated myocyte apoptosis, but not necrosis 
(27). Although there was no measurable increase in H 2 O 2 with anthracycline, the 
effect of dexrazoxane suggests that anthracycline-induced apoptosis involves the 
formation of hydroxyl radicals via Fenton chemistry, a reaction that is favored by 
increased superoxide levels (27,28). 

ROS SIGNALING 
Direct effects of ROS 

There are several potential downstream targets for ROS signaling in cardiac 
myocytes. The mitogen-activated protein kinase (MAPK) superfamily is known to 
be responsive to ROS and has been shown to be involved in the determination of 
myocyte hypertrophy and apoptosis (29-31). In adult rat ventricular myocytes in 
primary culture, we (S. Kwon, unpublished data) and others (32) have found that 
direct application of ROS in the form of H 2 O 2 results in activation of all members 
of the MAPK family — ERK, JNK and p38 kinase, albeit at different concentrations. 
ERK is activated at low concentrations, whereas JNK and p38 require higher con- 
centrations. We have further found that the EPJC inhibitor PD98059 prevents H 2 O 2 - 
stimulated hypertrophy, whereas the JNK inhibitor SP600125 prevents apoptosis. 
This later finding is consistent with the observation in the H9C2 cardiac cell line 
that a dominant-negative JNK diminishes oxidant-stress induced apoptosis (33). Rel- 
evant to this, it has been shown that ischemia/reperfusion-induced myocyte apop- 
tosis, which is beheved to be mediated by ROS, is associated with JNK activation 
that is inhibited by carvedilol, a p-blocker with antioxidant properties (34). 

Remodeling stimuli 

a-adrenergic receptor stimulation causes ROS-dependent myocyte hypertrophy that 
is associated with activation of ERK, and prevented by the ERK inhibitor PD98059 
(35,36). It has also been shown that inhibition of ERK increases the magnitude of 
ROS-stimulated apoptosis, suggesting that EPTC has both hypertrophic and pro- 
survival effects (28). Likewise, we have found that ERK inhibition prevents the 
hypertrophic effects of low level mechanical strain (10). In contrast, we have found 
that the apoptotic effect of p-adrenergic receptor stimulation is prevented by the 
JNK inhibitor SP600125 (A. Remondino, unpubUshed data). 

SUMMARY 

Myocardial remodeling and failure are associated with increased levels of ROS. In 
cardiac myocytes in vitro, ROS can cause either hypertrophy or apoptosis in a 
concentration-dependent manner with hypertrophy in response to low levels of 
ROS and apoptosis in response to higher levels. Likewise, there is evidence that 
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ROS mediate the hypertrophic effects of a-adrenergic receptor stimulation and low- 
level mechanical strain, and the apoptotic effects of (3-adrenergic receptor stimulation 
or higher amplitude mechanical strain. The MAPK signaling pathway appears to 
mediate several of these effects of ROS. ERK is involved in the hypertrophic response 
to low levels of ROS, low amplitude mechanical strain and a-adrenergic receptor 
stimulation. In contrast, JNK is involved in the apoptotic effect of higher levels of 
ROS, high amplitude mechanical strain and p-adrenergic receptor stimulation. 

These observations indicate that ROS play a critical role in the determination of 
myocyte phenotype in response to a variety of stimuli associated with cellular 
growth or death, and suggest that a better understanding of the mechanisms that 
regulate ROS and mediate their effects in cardiac myocytes will lead to new 
approaches to the treatment of cardiac remodeling and failure. 
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Summary, Since their original purification and identification as the main Ca^^ efflux pathway 
from sarcoplasmic reticulum (SR) membranes, ryanodine receptors (RyRs) have attracted an 
enormous level of research interest. This is not surprising for several reasons. First, they sit 
at the epicentre of regulatory mechanisms involved in excitation-contraction coupling. 
Second, RyRs represent the main building blocks of a huge multimeric protein assembly 
with a molecular mass estimated to be around 2.3 mega Daltons. Third, RyRs are able to 
bind an unprecedented number of regulatory proteins, toxins and other molecules produc- 
ing, in many cases, quite complex effects upon its Ca^"^ ion channel properties. Much remains 
to be determined about how in vitro kinetic and features of RyR activation and inactivation 
account for observed Ca^'^ release properties in vivo. Some studies favor the idea that in intact 
SR membranes ATP-dependent Ca^^ pumps (SERCA) can also influence both activation and 
inactivation of Ca^"^ release. More recently, however, we have come to appreciate the signif- 
icant leakiness of SR membranes to Ca^"^ at rest and the possibility that this occurs primar- 
ily through activation of RyRs. A number of more recent lines of evidence suggest this 
leakiness has some physiological significance in activating RyRs to initiate Ca^'^ sparks and 
trigger Ca^^ release. Because of the potential importance of this to RyR function a great 
deal of interest has been generated in an attempt to reveal underlying regulatory mechanism 
of RyR leakiness. A class of immunophillin binding proteins, known as FKBP12/12.6, is now 
thought to play a very important role in determining RyR leaks in both normal and patho- 
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logical settings. However, species and tissue differences in FKBP12/12.6 distribution make it 
hard to make any firm generalizations, at this point, regarding in vivo RyR leak regulation. 

Key words: Calcium Leaks, Ryanodine Receptors, FKBP, Sarcoplasmic Reticulum, SERCA. 

INTRODUCTION 

It is now widely appreciated that the ability of cells to mobilize, distribute and store 
intracellular Ca^^ in a highly regulated fashion is of paramount importance to sur- 
vival because of the quintessential role of this cation as a second messenger (1,2). 
Cells achieve this through the coordinated actions of Ca“^ pumps and channels both 
at the cell surface and on various internal membrane sites including (but not limited 
to) mitochondria, nuclei and sarco/endoplasmic reticulum. Our earlier understand- 
ing of this was based on observations from spectroscopic studies of Ca“^-sensitive 
probes in a variety of model systems (3). However, the advent of fluorescence con- 
focal microscopy has allowed us to more clearly “see” these Ca^'^ movements and, 
thus, readily appreciate the enormously varied and complex (4-7), but ultimately 
exquisite (8,9), ways different cells are able to produce them. Spatial distribution of 
pumps and channels is clearly a key factor in determining patterns of intracellular 
Ca"*^ activity but one interesting way cells may also fine-tune their Ca^^ movements 
is through splice variant selection of gene transcripts encoding multimeric trans- 
porters (10-12). This tells us that the assembly of different pump and channel com- 
binations is an important feature of how the various roles of Ca^^ are subserved. 

The specific repertoire and spatial arrangement of pumps and channels in stri- 
ated muscle serves the requirement for contraction and relaxation to be regulated 
by relatively fast release and re-uptake of sarcoplasmic reticulum (SR) Ca^"^. These 
SR “Ca^"^ transients” are triggered from resting cytosolic free Ca^'^ levels at ~100nM 
up to 10 fold higher peak levels within, in some cases, a few milliseconds (13). In 
all striated muscle this fast initial release of SR Ca^"^ occurs through activation of a 
large multimeric protein channel complex known as the ryanodine receptor (RyR) 
(14-16). All three RyR isoforms (RyR 1-3) are known to regulate SR Ca^"^ release 
in striated muscle although selection appears not only based upon Ca^^ conduc- 
tance properties but also on curious differences in structural domains potentially 
important in Ca"‘^-dependent regulation of Ca^"^ release. Subsequent relaxation then 
occurs by actively reducing free cytosolic Ca^'^ back to its resting level within a 
similar time frame. This is due to the action of the SR Ca""^ ATPase (SERCA) and 
here, also, isoform selection markedly impacts upon kinetics of relaxation (17-22). 
Essential mechanistic details for SERCA pumps were worked out over two decades 
ago (23,24) but since then a vast accumulation of information about its molecular 
and cellular physiology shows it has a major impact upon cell function and phe- 
notype in both physiological and pathophysiological settings. 

Much is now known about mechanisms governing the activation and inactiva- 
tion of both SERCA and RyR proteins (barring some debate) and we also now 
have a much clearer picture about which part of the molecule can do what (25-27). 
SERCA pumps have attracted much attention as key regulators of cell survival with 
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in vitro observations, for the most part, being well-reconciled with those in vivo. 
Although potentially quite important mechanistic questions about SERCA pump 
reversal and pump “slippage” (28,29) remain unanswered, there appear to be vastly 
more questions about diverse modulatory effects from an array of RyR ligands. 
Indeed, it s complex multimeric (~2.3 mega Dalton) structure and its unprecedented 
ability to interact with and be regulated by a wide range of proteins, drugs, toxins 
and other molecules have made RyRs the object of great research interest over the 
past decade. One of its more curious properties is its leakiness (30) and, again, why 
this occurs is not quite clear. RyR Ca^"^ leaks have been linked to the mechanism 
of activation, but we remain far from certain about how somewhat controversial 
mechanistic fine-detail obtained from single-channel studies fits with observation of 
Ca^^ release in situ or in vivo. There are many excellent reviews on the mechanism 
and molecular physiology of RyR Ca^^ release and the reader is encouraged to refer 
to several of these for more in depth material (26,31-33). One purpose of this 
chapter is to discuss what our current understanding of RyR Ca^"^ release mecha- 
nisms tells us about new observations concerning SR Ca^"^ leaks. The other is to 
highlight evidence suggesting some involvement of SERCA pumps in this process. 

MECHANISMS OF TRIGGERED SR RELEASE 

In both cardiac and skeletal muscle, SR Ca^^ release occurs from specialized regions 
known as terminal cisternae (31,32), the junctional face membranes of which are 
closely apposed to cytoplasmic membrane leaflets of t-tubules (34,35). Triggering of 
skeletal muscle Ca^"^ release is mediated through intimate associations of RyR 
tetrameric complexes, known as “feet”, on SR junctional surfaces with t-tubule 
dihydropyridine receptor (DHPR) complexes, known as “tetrads” (34). Ultimately, 
t-tubule membrane depolarization also initiates RyR activation in cardiac muscle 
(36-39). In this case, however, depolarization activates voltage-dependent DHPR 
Ca^"^ channels to locally increase cytosolic Ca^"^ within the vicinity of RyR2 Ca^"^ 
channels (37,40). Ca^^ binding to RyR2 high-affinity cytosolic Ca^^ activation sites 
then stimulates SR Ca^"^ efflux (31,40) by “Calcium-Induced Ca^"^ release” (CICR). 
In contrast, skeletal muscle SR Ca^^ release is initiated via charge transfer mediated 
by the physical coupling of RyRl “feet” and DHPR “tetrads” at SR junctional face 
membranes (36). However, up to 50 percent of the total RyRl channel population 
may be distributed on lateral non-junctional surfaces of terminal cisternae mem- 
branes (41). In this case, the initial stimulus for Ca^'^ release may be propagated from 
junctional regions to activate non-junctional RyRl channels as indicated from rapid 
scanning confocal methods. In cardiac muscle propagation of RyR2-mediated Ca^"^ 
release at these non-junctional sites (37,42) possibly occurs via a regenerative (37) 
or “cluster bomb” (42) mechanism of Ca^'^-dependent activation as illustrated in 
Figure 1. 

Ca^'^-dependent regulation of SR calcium release 

All RyR Ca^"^ channel isoforms are complexly regulated by Ca^'^ ions upon both 
luminal and cytoplasmic faces (31,43-51). In striated muscle much more is known 
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Figure 1. A scheme to illustrate the principle of “Cluster-Bomb” activation of RyR-mediated Ca"^ 
release via CICR (42). The model suggests single DHPR molecules on the t-tubule membrane pro- 
duces a smaU flux of trigger Ca""^ which binds to the cytoplasmic face of a single RyR molecule in 
close proximity on the sarcoplasmic reticulum membrane. Local Ca'"^ release from this molecule then 
activates neighboring RyR molecules in a regenerative feed-forward manner as a means of amplifying 
the Ca"'^ original signal. 



about RyRl and RyR2 and the role that they play in E-C coupling although more 
recent evidence suggests RyR3 may be involved in subunit assembly and in con- 
ferring some form of functional modulation (10). Cytoplasmic Ca“^ concentrations 
up to about lOOpM maximally activate RyRl channels (31,51), whereas cytoplas- 
mic Ca^"^ concentrations in the millimolar range (above 1 mM) are inhibitory 
(31,51,52). This bimodal regulation is generally attributed to separate activatory and 
inhibitory Ca“^ binding sites accessible from the cytoplasmic side. The latter is not 
the case with cardiac RyR2 which does not appear to inactivate at these cytosolic 
Ca""^ levels where it also shows no loss of [^H]-ryanodine binding (53). In addition, 
both RyR channel isoforms are regulated by Ca"^ ions on its luminal face 
(47—49,51). Here, however, much less is known and the opinion is somewhat divided 
as to exactly where luminal Ca“‘^ acts. Both (a) vesicle studies of Ca^"^ release and 
(b) bilayer studies of single RyRl and RyR2 channels reveal a bimodal mechanism 
of Ca^^-dependent regulation in which Ca""^ may cause both activation and inhibi- 
tion of channels (51,54,55). Vesicle ion flux studies have also produced conflicting 
results regarding the influence of Ca^'^ loads upon Ca""^ release rates from passively 
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loaded SR vesicles. Earlier studies revealed Ca^'^ release was steeply dependent upon 
increases in total luminal Ca^'^ loads up to ~110pM in skeletal muscle triads and 
progressively declined to a plateau following further filling to millimolar levels (54). 
Essentially similar results were obtained with active SR Ca^"^ loading in skinned frog 
skeletal muscle fibres, in situ (55). However, others have reported progressive 
increases in Ca^"^ release rates from passively loaded frog and rabbit skeletal muscle 
HSR vesicles with attainment of luminal Ca^"^ loads in the low mM range (56). 

In contrast to studies with passively loaded vesicles, studies of active Ca^"^ trans- 
port have revealed an apparent luminal Ca^'^ threshold dependence of Ca^^ release 
(57—65). It has been postulated that calsequestrin may exert direct luminal modu- 
lation of RyRl and that luminal Ca^'^ binding to calsequestrin may be involved in 
the expression of the threshold dependence of Ca^'^ release (61,66). One other con- 
tributory factor to this apparent threshold dependence of HSR Ca^^ release may be 
back-inhibition of SERCAl pumps during active Ca^'^ sequestration, particularly 
since it commonly occurs at millimolar luminal Ca^"^ loads (67). However, it is far 
from clear exactly how luminal Ca^^ is compartmentalized in HSR membranes. Pre- 
vious estimates using radiotracer methods suggest approximately 90% of 

luminal [Ca^^] in skeletal muscle triads is bound, presumably to calsequestrin (54). 
Estimates from NMR studies suggest free luminal Ca^"^ concentration in cardiac 
SR around 1.5 mM (68). These values agree reasonably well with values of 700pM 
reported in cardiac SR vesicle studies using luminally-trapped Mag-Fura-2 (69) as 
do similar values obtained with Mag-Fura-2 trapped in skeletal muscle triads (70). 

Effects of luminal Ca^^ upon RyR conductance properties has been explored in 
bilayer studies of single channels although this work has generated further conflict- 
ing ideas about Ca^'^-dependent inhibitory mechanisms. In one study, luminal free 
Ca^'^ concentrations up to 250 pM reportedly activated RyR Ca^^ channels and 
further Ca^"^ increases above ImM were found to be inhibitory (51). However, this 
observation was controversial because others have shown that RyR channels are 
fully active at millimolar luminal Ca^'^ (47,48). Whether these luminal Ca^^ actions 
arise from binding to specific sites on the luminal face of RyR channels 
(47—49,71,72) or from complex effects of Ca^”^ permeation through RyR channels 
(51) is not clear. Recent mutagenesis studies identified the M2 putative transmem- 
brane domain in RyR3 as a candidate region involved in Ca^^-dependent activa- 
tion (52). A single E3885A point mutation in this domain produced a 10,000 fold 
loss in Ca^"^ sensitivity (52). This region is conserved in all other RyR isoforms sug- 
gesting a Ca^'^ sensor located in the channel domain. Other domain switching studies 
with RyR chimeras expressed in HEK-293 cells have also localized Ca^'^ activation 
and inactivation sites to the COOH terminal region which forms much of the Ca^"^ 
permeable pore (45). 

Recent models of Ca^^-dependent control: adaptation or permeation? 

It is now quite clear that Ca^'^-dependent regulation of RyR channels both in situ 
and in vivo is not readily explained by cytosolic Ca^"^ regulation alone as invoked 
by many models of CICR. For the cell, the challenge is to coordinate the bulk 
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Figure 2. A simplified scheme of intracellular Ca''^ movements between SR and cytosol illustrating 
that each cycle of relaxation and contraction attends inverse changes in the concentration of Ca"^ ions 
in the SR lumen and the cytosol. 



movement of between one compartment and another while having to deal 
with the consequences of a constantly changing Ca""^ environment from a resting 
state to an active state as shown simply in Figure 2. This sets up the possibility of 
complex and non-Unear RyR regulation by both cytosolic and luminal Ca“^ because 
as cytosolic Ca^"^ is reduced, luminal Ca^"^ increases and vice versa. This behavior is 
hard to capture and describe under steady state conditions, in vitro, as evidenced 
from the fact that modeling studies of CICR, while very good at describing its 
feed-forward properties, poorly account for its feed-back characteristics (42). RyR 
“adaptation” has been proposed as a theory to explain Ca“^ dependent control 
(73—80). Adaptation was thought to involve Ca^^-dependent allosteric interactions 
between RyR subunits which countered inherently unstable feed-forward proper- 
ties of CICR. Adaptation was initially proposed following the observation that RyR 
Ca^'^ channels appeared capable of re-activation without the requirement for 
complete reduction of cytosolic Ca^^. This property was thought to explain 
both discrepant findings amongst single channel studies of Ca“^ dependent activa- 
tion/inactivation and the observed mechanistic features of CICR and ligand- 
induced Ca^'^ release. While attractive, acceptance of this putative mechanism has 
met with considerable criticism concerning both methodological artifact (81,82) and 
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Figure 3. A highly simplified scheme illustrating how Ca""^ gradients across luminal and cytosolic 
faces of RyR channels might regulate its activation and inactivation through rate-dependent binding 
of Ca^"^ ions at high and low affinity sites in its Ca^'^-permeable pore (see text). 



its thermodynamic feasibility (83), In essence, adaptation theorists propose that the 
affinity of cytosolic Ca^'^ activation sites decreases with progressive Ca^"^ occupancy 
at activation sites. Thus, RyR channels are thought to adapt to a given level of 
cytosolic Ca^^ rather than inactivate. However, for this to occur there must be energy 
input and since adaptation has been putatively demonstrated in bilayer studies in 
the absence of ATP, the theory becomes considerably weakened. Currently, there is 
growing opposition for this initially appealing model. More recent evidence from 
rapid line-scan confocal studies in intact cells suggest that termination of Ca^"^ release 
is largely determined by use-dependent RyR inactivation and not adaptation (84). 

One intriguing proposal that Ca^"^ ions on the luminal side of RyR channels have 
access to Ca^'^ activation and inactivation sites on the cytosolic side (51). Tripathy 
and Meissner (51) demonstrated that the rate of luminal to cytosolic Ca^"^ flux 
exerted a bimodal influence such that ion fluxes up to 2pA activated the channel 
but increasingly faster Ca^"^ fluxes up to 12pA inactivated it (51). Figure 3 schemat- 
ically illustrates the principle of this proposed mechanism. High Ca^"^ concentrations 
in the vicinity of low-affinity inactivation sites are required for RyR channel closure 
and this occurs when fast outward Ca^'^ fluxes are driven by elevated luminal Ca^"^ 
concentrations. In contrast, only relatively low luminal- to-cytosolic Ca^"^ fluxes and, 
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therefore, low luminal concentrations are required for binding to high affinity 
activation sites. This suggests that the rate at which Ca^'^ ions flow through the 
channel provides an important means of regulating RyR channel opening and 
closing via a gradient-sensitive mechanism. An important corollary to this idea 
is that SERCA pumps, through their influence on Ca^"^ gradient formation, play an 
important role in determining Ca^'^ dependent activation and inactivation of RyR 
channels in intact membranes. 



Functional interactions between SERCA pumps and RyR channels 

It has long been suspected that SERCA pumps participate in regulation of SR Ca^"^ 
release but few have httle idea about how this might occur and to what extent this 
may be brought about by SERCA-mediated (a) reduction of cytosoUc Ca^'^, (b) ele- 
vation of luminal Ca^"^, or (c) both (60,66,70,85-92). This question is especially rel- 
evant when considering Ca^"^ exchanges in non-junctional cisternal SR and corbular 
SR regions where substantial co-localization of SERCA and RyR proteins exist 
(35,41). The problem surrounds the fact that RyR channels and SERCA pumps 
exhibit similar cytosolic Ca“^ dependency for activation. In principle, this could 
produce futile Ca""^ cycles in the absence of coordinated pump and channel activ- 
ity. It has been suggested that RyR channels are sensitive to trans SR Ca^"^ gradi- 
ents which, in intact membranes, are largely determined by SERCA activity (67,92). 
What is mechanistically at the heart of Ca^"^ gradient sensitivity is not clear although 
one intriguing possibility is that it arises from a dependence of RyR activation/inac- 
tivation upon the rate of Ca^"^ ion permeation through the channel itself as described 
above (51). This model predicts that the speed with which SERCA pumps are able 
to generate high outward luminal-to-cytosolic Ca^'^ gradients may then be an impor- 
tant determinant of RyR channel inactivation. It also predicts that when SERCA 
pumps fail, RyR channels become leaky (93-96). Our recent demonstration that 
formation of ryanodine-inactivated RyR2 states required active SERCA2 pumps is 
consistent with this (67). On the other hand, loss of SERCA pump activity may 
promote leaky RyR channels and imbalances in intracellular Ca^'^ homeostasis. 

Several vesicle studies have hinted at a complex involvement of SERCA 1 pumps 
in RyR 1 -mediated Ca^'^ release regulation but mechanistic details of this remain 
obscure (60-62,88,90). Data from rapid kinetic experiments suggested, for example, 
that early conformational changes and complex oscillations in SERCAl intermedi- 
ary kinetic states may have a causative role in Ca^'^ release (88,90). This was deter- 
mined from transient increases in EP formation and intrinsic tryptophan 
fluorescence seen to precede Ca^"^ release induced by caffeine, ADP and a Ca^"^ jump. 
SERCAl pump reversal, per se, appears not to be a realistic pathway for physiolog- 
ical Ca^^ efflux, as earlier proposed (97) although more recent evidence suggests it 
may be an important source of SR Ca^^ leaks in the failing heart (98). More recently, 
it has also been suggested that rates of SR Ca^"^ release and Ca^^ re-uptake are coor- 
dinated at critical luminal Ca^"^ loads (70,92). However, the physiological signifi- 
cance of this is somewhat obscure. 
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One of the most striking observations to indicate some involvement of SERCA 
pumping in SR Ca^^ release comes from the observation that SERCAl overex- 
pression in transgenic mice (a) elevated rates of myocardial pressure development, 
(b) shortened time to peak pressure and (c) doubled the amplitude of cytosolic Ca^^ 
transients (85,86). These enhanced Ca^'^ release dynamics were not due to altered 
RyR2 protein expression suggesting SERCAl activity indirectly impacts on RyR- 
mediated Ca^"^ release. Why this occurs is not clear. One obvious possibility is that 
increasing the ability to pump Ca^"^ into the SR simply loads the SR with more 
releasable Ca^^. However, several other studies suggest that it is not a simple rela- 
tionship as indicated from studies of SERCAl and RyRl mutant overexpression in 
HEK-293 cells (50). Here, different combinations of SERCAl and mutant/ wild 
type RyRl channel expression produced varying effects upon (a) transmembrane 
Ca^'^ distributions and (b) responses to RyR channel agonists that defied explana- 
tion by any simple Ca^'^ handling paradigm. 

Effects of SERCA pump inhibition on SR release 

Although potential mechanistic links between RyRl activation and SERCAl activ- 
ity have so far not been described, the idea that SERCA pumps are involved in 
regulating SR Ca^'^ efflux is supported by results of studies showing that SERCAl 
inhibitors, thapsigargin and cyclopiazonic acid, induce RyRl -mediated Ca^^ release 
from isolated HSR membranes (96,99,100). Because thapsigargin and cyclopiazonic 
acid solely target SERCAl pumps in HSR membranes (101-108) they are useful 
tools for probing potential involvement of SERCA pumps in Ca^"^ release. A curious 
observation was the fact that the efficacy of both compounds upon activation of 
release from HSR vesicles was dependent upon the extent of luminal Ca^"^ loading 
(96). Thus, it is worth examining how these compounds are known to act. Thap- 
sigargin is a naturally occurring sesquiterpine lactone and, in “light” SR membrane 
preparations primarily enriched in SERCA pumps, its principle effects are inhibi- 
tion of (a) SERCA mediated catalysis, (b) EP formation and, (c) Ca^^ uptake 
(101,105—107). Thapsigargin is known to bind irreversibly with low picomolar affin- 
ity to the M3 and M4 transmembrane stalk region of SERCAl Ca^"^ pumps 
(109,110) in a 1:1 molar ratio (106,107,111,112). A simplified scheme of the 
SERCA pump cycle is Ei Ei ~ P ^ E 2 -P ^2 where Ei is the outwardly- 
directed high affinity Ca^"^ bound state, Ei P is the high energy Ca^Coccluded 
phosphoenzyme, E 2 -P is low energy phosphoenzyme with low Ca^^ binding affin- 
ity, E 2 is the dephosphoenzyme which undergoes conformational change to return 
SERCA to the form. The preferred SERCAl conformation favoring thapsigar- 
gin binding is the E 2 state and thapsigargin reduces or inhibits the binding of Ca^"^ 
and ATP to the ATPase in the E 2 state (112). The fact then that elevated luminal 
Ca^"^ favors formation of the £2 state (113) suggests it (luminal Ca^"^) is an impor- 
tant factor in predisposing SR membranes to Ca^'^ release. In contrast to thapsigar- 
gin, less is known about the specific actions of cyclopiazonic acid. It is an 
indole-based metabolite of Aspergillus and Penicillium with an apparent Ki for 
SERCAl catalytic activity estimated at 162nM (104). Cyclopiazonic acid is thought 
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to competitively inhibit ATP binding to SERCAl and appears to (a) stabilize 
SERCAl in the E 2 conformation and (b) inhibit high affinity Ca“^ binding 
(104,108). This again reinforces the above idea that luminal Ca""^ accumulation, in 
favoring the E 2 state may mediate this apparent role of SERCA pumps in SR Ca^"^ 
release. 

The importance of rapid RyRl channel closure during initial phases of SR Ca""^ 
sequestration is that it promotes efficient luminal Ca“'^ filling and high affinity Ca""^ 
binding to calsequestrin (61,94). As calsequestrin is progressively bound up with 
Ca""^, RyR channels then become progressively more sensitive to cytosolic ligands, 
as our previous studies suggest (93). As calsequestrin becomes saturated at a total 
physiological luminal Ca“^ load of approximately lOOnmol-mg”' luminal free Ca“^ 
would be expected to increase to levels sufficient to impact upon SERCA activity. 
Even at a relatively low peak value of approximately 200 pM, a predicted 30% reduc- 
tion in SERCA catalytic potential (113) would arise from back-inhibition of 
SERCA pumps. This form of autogenic inhibition of SERCA pumps may explain 
supralinear feedback of ER/SR Ca“^ transport (114) and may also account for the 
markedly non-linear gain in Ca“^ release observed in isolated cardiomyocytes at 
threshold levels of luminal SR Ca"^ filling (115). The significance is that luminal 
Ca^"^ loads may determine whether cytosolic Ca“^ is rapidly accumulated or remains 
in the cytosol to trigger RyR activation. Thus, some level of SERCA/RyR “Cross- 
Talk” may exist in which SERCA pumps influence RyR inactivation/activation 
through its determination of Ca“^ distributions across SR membranes. 

The nature of any functional interaction between SERCA pumps and RyR chan- 
nels is likely to be very complex given that each protein is bimodally regulated 
within similar concentration ranges of luminal and cytosolic Ca“^. We imagine that 
a higher level of complexity then arises from the fact that, in situ, Ca“^ exchanges 
are dynamic. That is, filling of one compartment (i.e. SR lumen) occurs at the 
expense of synchronous depletion of the other (i.e. cytosol). However, currently 
available techniques which offer some hope for describing mechanisms are often 
limited to more steady-state analyses of RyR function and lack the ability to track 
the constantly fluctuating Ca“'^ environment. To explore these complexities it seems 
necessary in the future to develop novel methods in order to track the dynamics of 
SERCA catalytic activity and transmembrane Ca^"^ distribution in both free and 
bound compartments under physiological conditions of dynamic Ca“^ exchange (i.e. 
in the absence of cytosolic or luminal Ca“^ buffering). 

ORIGIN AND REGULATION OF SR MEMBRANE CA'^ LEAKS 

The presence of SR membrane Ca“^ leaks from resting striated muscle is now well 
recognized. However, their physiological significance (if any) is unclear. In addition, 
the complete identity of all possible ion channel pathways responsible for these leaks 
under normal and pathophysiological conditions remains to be determined. That Ca"^ 
leaks were present in resting cardiomyocytes was initially inferred from studies report- 
ing time-dependent depletion of SR luminal Ca^"^ (116-119). However, these studies 
provided little direct information about the rate of unidirectional SR Ca""^ efflux 
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because of unknown contributions of SERCA pumps to reloading of SR Ca^^ stores. 
This contribution was later revealed in rest-decay studies of SR luminal Ca^"^ in which 
the ability of SERCA pumps to reload leaked Ca^^ is usurped by artificially activat- 
ing Na/Ca exchanger activity (118). These observations served to confirm the idea 
that, in the resting cardiomyocyte, SR Ca^^ leaks are well compensated by SERCA- 
mediated Ca^'^ re-loading. Bassani and Bers were the first to measure the actual mag- 
nitude of unidirectional SR efflux from resting cardiomyocytes. This was determined 
from the rate of post-rest depletion of SR luminal Ca^"^ estimated from decline of 
caffeine-induced Ca^'^ release under conditions where (a) Na/Ca exchanger was acti- 
vated and (b) SERCA pumps were thapsigargin-inhibited (30). Their results showed 
that the unidirectional Ca^"^ efflux rate is relatively smaU (0.27-0.32 pM's“^), being 
about four orders of magnitude lower than the maximum rates of SR Ca^^ efflux fol- 
lowing physiological activation of SR Ca^'^ release during excitation-contraction cou- 
pling. Calculations revealed this unidirectional Ca^"^ efflux rate was also much less 
than the maximum rate of SERCA-mediated Ca^*^ uptake but consistent with rates 
of SR membrane Ca^"^ efflux associated with “Ca^'^ sparks” (0.2-0.8|xM-s“^). Thus, 
these results also suggested that a major fraction of the resting SR Ca^"^ leak was due 
to a spontaneous RyR activation. 

sparks”, luminal Ca^^ and SERCA pumps 

The fact that the SR Ca^”^ leak rate compares favorably with Ca^"^ efflux arising 
from “Ca^'^ sparks” suggests the former may trigger the latter. Ca^'^ sparks were first 
described in cardiomyocytes by Cheng et al. (120) who observed local spontaneous 
cytosolic Ca^"^ transients in resting rat heart cells. Sparks were ryanodine-sensitive 
but exhibited slow Ca^'^ release kinetics. It was concluded that sparks represented 
an elementary Ca^^ release event during excitation contraction coupling. This study 
helped to explain the occurrence of both spontaneous and triggered Ca^^ release. 
Subsequent studies have shown that opening of a single voltage-gated L-type Ca^"^ 
channel (dihydropyridine receptor or DHPR) on the surface of cardiomyocytes can 
activate between four and six RyR2 multimers in close proximity on the sar- 
coplasmic reticulum membrane (121). These triggering DHPR Ca^^ fluxes were 
referred to as “Ca^'^ sparklets”. As in the earlier Cheng study (120), subsequent 
studies have identified a major effect of luminal Ca^"^ upon the activation of spark 
frequency (122). The frequency of sparks reportedly declines with reduction in 
luminal Ca^^ and a similar effect arises when SERCA pumps are inhibited by thap- 
sigargin (123,124). This latter effect of pump inhibition is thought to arise as a result 
of its effect to deplete luminal Ca^^. The study of Lukyanenko et al. (123) proposed 
the existence of a luminal Ca^"^ sensor linking RyR functional activity to the luminal 
Ca^^ loading level as part of an autoregulatory mechanism for adjusting RyRs acti- 
vation and therefore the gain of CICR. 

A particularly significant observation in this regard comes from reported effects 
of low-affinity Ca^^ buffers (ADA, citrate and maleate) incorporated into SR of per- 
meabilized rat cardiomyocytes (125). Terentyev et al. (125) showed these buffers 
were effective in dramatically increasing total luminal Ca^"^ and this produced 2-3 
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fold increases in spark amplitude, time-to-peak amplitude, and duration of sparks. 
However, the frequency of sparks from the same site was markedly decreased. It was 
concluded, that local pools of luminal Ca^"^ were important regulators of spark ter- 
mination. Curiously, Chu et al. (126,127), nearly two decades ago, observed com- 
parable effects of dicarboxylate anions (maleate and succinate) to promote Ca^"^ 
uptake into isolated SR vesicle but at the same time enhance subsequent sponta- 
neous Ca^"^ release and SERCA mediated catalytic activity. Thus, these experiments 
have helped to define a critical role for luminal Ca^"^ in promoting membrane Ca^'^ 
leaks. Exactly how this occurs is not known because there is considerable dis- 
agreement and uncertainty about how Ca^"^ stores (free versus bound) are organized 
in SR membranes and how these contribute to both the activation and source of 
released Ca^"^. 

Numerous groups have since joined in the investigation of these phenomena 
because of their potential role as initiators of CICR. Indeed, rapid line scanning 
confocal techniques required to analyse sparks have become de rigueur within the 
last decade. Despite aU of this interest, relatively little is known about (a) how sparks 
are themselves initiated and (b) what our current understanding of sparks tells us 
about mechanisms of triggered Ca“^ release. Anywhere between one and fifteen 
RyR Ca“^ channels have been reported to participate in the spontaneous appear- 
ance of a Ca^"^ spark (128,129). The latter number is thought to be a more accu- 
rate estimate because previous estimates were based upon the use of erroneous flux 
reconstruction algorithms. However, regardless of the eventually determined number 
of RyRs involved in spontaneous sparks, the observation and description of spon- 
taneous SR Ca^'^ release is not new. Nearly two decades ago, Ca^'^ transport studies 
had reported slow spontaneous Ca^"^ release from SR vesicles actively loaded with 
Ca^"^ (130—133). This appeared not to be a consequence of impaired SERCA pump 
function since this released Ca^'^ was then re-accumulated in a subsequent phase of 
Ca^"^ uptake. This suggests there may be a variable leak in SR membranes. However, 
this observation was made all the more obscure by the fact that these events were 
observed in regions of the SR not expected to contain Ca^'^ release sites (130). This 
raises the possibility that that there may be additional leaks in SR membranes. More 
recently, it has been discovered that preceding and following many sparks is the 
appearance of what have been described as “Ca^^ embers” (134,135). Embers are 
seen as small, transient elevations in cytoplasmic Ca^"^ and the fact that they are tem- 
porarily and spatially associated with sparks suggests that they may reveal events 
involved in the activation and termination of sparks. However, the true relationship 
between embers and sparks remains very much a black box. Calculated Ca^"^ release 
flux associated with embers is consistent with the opening of a single RyR channel. 
But how this then leads to the activation of an apparent minimum cluster of 15 or 
more other channels remains unknown. One of the most striking eflects upon Ca^'^ 
spark frequency is the influence of mitochondrial function in intact cells. After meta- 
bolic poisoning of skeletal muscle single fibres with oHgomycin, FCCP or antimycin, 
Ca^'*^ spark frequency was found to markedly decline (136). It was concluded that 
in intact cells, mitochondria were important downregulators of SR Ca^^ spark 
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frequency because of the importance of ATP supply in promoting SERCA- 
mediated Ca^"^ uptake. Similar results have been recently obtained in permeabilized 
cardiomyocytes foUov^ing phosphocreatine withdra\val (137). Thus, it seems likely 
that the primary role for SERCA pumps in sparks is in reloading of Ca^"^ 
stores for subsequent release. 

leaks and RyR-associated immunophillin binding proteins 

Within the last decade, a separate area of investigation into RyR regulation has 
revealed an important level of control attained through the association of a class of 
intracellular rapamycin and FK506 (tacrolimus) -binding proteins, known as FKBPs, 
with RyR Ca^"^ channels. Interest in the role of FKBP proteins in ryanodine recep- 
tor regulation began with the finding that FKBP 12 was tightly associated follow- 
ing purification of RyRs from CHAPS-solubilized skeletal and cardiac sarcoplasmic 
reticulum membranes (138). Early three-dimensional reconstructions of cryo- 
electronmicrograph sections reveal CHAPS-solubiUzed RyRs possess a 4-fold sym- 
metry (139-141). Similar studies have since revealed FKBP12 and FKBP 12.6, 
respectively, bind to domain 6 within the cytosoHc assembly region of skeletal and 
cardiac muscle RyR channels (14,142). It is now known 4 FKBP molecules asso- 
ciate with one RyR channel resulting in formation of a functional heterotetrameric 
complex (143). Both rapamycin and FK506 are highly effective in physically remov- 
ing FKBPs from skeletal and cardiac RyRs (144,145). This suggests that these 
immunophillins reduce the binding affinity of FKBPs for RyR Ca^"^ channel com- 
plexes. Bilayer studies of single RyR channels have shown one of the major effects 
of FKBP is to regulate the stability of the open and closed states of the ryanodine 
receptor Ca^'^ channel (146). FKBP removal from RyR channel complexes is seen 
to produce 4 subconductance states of 25%, 50%, 75% and 100% maximal (147). 
Because the channel multimer is made up of 4 individual RyR monomers this data 
suggests that the extent of RyR subunit association is reflected in the individual 
conductance states. Thus, FKBPs appear to have an important role in coordinating 
the proper gating of the channel and stabiHzing it between fully open and fully 
closed configurations. 

What is the physiological function of FKBP12/12.6? 

Consistent with this regulatory action of FKBPs upon stability of RyR channel 
states, functional studies of Ca^"^ transport in isolated sarcoplasmic reticulum mem- 
branes have also shown reduction in rates of Ca^"^ uptake in FKBP-denuded vesi- 
cles and FK506-treated vesicles (143). In FKBP-denuded vesicles normal transport 
efficiency could then be restored upon re-addition of purified FKBPs (143). Thus, 
one major functional efiect of FKBPs upon SR membranes appears to be in the 
regulation of RyR-mediated Ca^'^ leaks. Exactly how this is achieved is uncertain. 
FKBP proteins may assist in the formation of functional multimeric RyR channels 
possibly by increasing subunit cooperativity (148,149). However, FKBP knockout 
studies do not indicate removal of immunophiUin binding proteins produces any 
aberrant alignment and structural organization of RyR channel multimers. Indeed, 
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in a recent study which proposed the existence of coupled RyR gating in closely 
packed RyR arrays it was shown that FKBP12.6 removal functionally uncouples 
this gating without affecting the physical association at cytosolic contacts (149). 
Interestingly, PKA phosphorylation of FKBP12.6 was also found to promote its dis- 
sociation from RyR2 in cardiac SR (150). PKA phosphorylation was found to 
increase RyR2 open probability resulting in a defective channel. Such effects are 
thought to explain how, in the failing heart, PKA hyperphosphorylation leads to 
leaky RyR2 Ca^"^ channels thus contributing to intracellular Ca^"^ overload and con- 
tractile dysfunction. Consistent with this, recent studies of tachycardia-induced heart 
failure showed that low-dose propranolol administration (to block p-adrenergic 
stimulation and cyclic AMP production) restored normal both RyR2 function and 
normal FKBP12.6/RyR2 stoichiometry in the left ventricular muscle of dog hearts 
(151). However, in other studies a role for FKBPs has been proposed in regulating 
the physical coupling of RyRs with the Il-III loop domain of DHPRs (152). In 
intact RyR multimers peptide sequences corresponding to regions of this loop 
domain were shown to activate RyRs (147). However, in FKBP-denuded RyRs 
this activatory effect of DHPR loop peptides was absent (147). 

FKBP12/12.6 transgenic studies 

Although the collective evidence from various studies, in vitro, indicates an important 
role for FKBP proteins in regulating RyR leak states, there remain significant ques- 
tions regarding the physiological significance of these proteins for E-C coupling, in 
vivo. Part of the problem surrounds the fact that in FKBP knockout studies, where 
the attempt is to reveal mechanisms through loss of function experiments, we remain 
uncertain about the extent to which cells compensate for untranscribed genes. In this 
respect FKBP 12 knockout mice develop severe defects in heart structure and func- 
tion and embryos, in almost all cases, die close to birth (153). Although this is not 
particularly surprising given the presumed role of the FKBPs upon RyR function, 
the results are hard to reconcile with the finding that FKBP 12.6 knockout mice do 
not die at birth (154,155) especially since FKBP 12.6 is the preferred cardiac isoform 
for binding to RyR2 (156,157). Even more intriguing, is the finding of gender dif- 
ferences in FKBP12.6 knockout mice. As shown by Xin et al. (154) only male mice 
exhibited cardiac hypertrophy. Female mice did not exhibit this physical defect sug- 
gesting possible hormonally-related differences as an explanation for this discrepancy. 
In keeping with this idea, Xin et al. (154) tested the effects of Tamoxifen adminis- 
tration in female knockout mice to inhibit estrogen production. The results clearly 
showed that Tamoxifen treatment promoted the same degree of hypertrophy seen in 
male knockout mice suggesting that, at some point, estrogen interposes itself within 
second messenger pathways linked to FKBP 12.6-dependent mechanisms. One pos- 
sibility is that estrogen acts at the level of NFAT which is dependent upon calcineurin 
and FKBP 12 activity. These important observations clearly reveal a further level of 
complexity in the cellular physiology of FKBPs within striated muscle and seem 
certain to attract a greater interest in this protein. 
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The uncertainties regarding the physiological role of FKBP12.6 and its involve- 
ment in excitation-contraction coupling are deepened by the observation that, in 
some animals species, (rabbits in particular) the intracellular content of this protein 
is much lower than that expected in the case where every RyR2 multimer 
possessed 4 copies of FKBP proteins. In earlier studies, Timerman et al. (157) 
showed that nearly 20% of the total RyR2 pool in cardiomyocytes was unoccupied 
by the available level of FKBP12.6 molecules. Why this should be the case is 
not clear although it does suggest that not all RyR2 populations require FKBPs 
proteins for function. Indeed, the effects of rapamycin are quite divergent and 
seem to depend on species and cell type. Despite the fact that rapamycin-induced 
removal of FKBPs from SR membranes is effective in disrupting normal RyR2 
gating, it remains to be established whether this is strictly a function of the loss of 
FKBP or some effect of residual rapamycin used to engineer protein dissociation 
in the first place. Rapamycin is highly hydrophobic and it is possible that it may 
stably associate with SR membranes to independently modify conductance 
properties of RyR2. In a recent study by Prestle et al. (158) markedly lower 
levels of FKBP12.6 versus FKBP12 were observed in rabbit cardiomyocytes. In that 
study, rapamycin (which in bilayer and vesicle studies has marked effects upon RyR2 
activity) had barely any effect upon Ca^'^ transport properties in intact cells. This, 
again, is consistent with the idea that not aU RyRs require large endogenous levels 
of FKBPs for function. However, in studies of adenovirally-mediated FKBP 12.6 
transfection in cardiomyocytes marked improvements in Ca^"^ transport efficiency 
and Ca^"^ loading were observed suggesting that if this protein is present it acts to 
stabilize RyR-dependent leaks through SR membranes, in vivo, as well as in vitro 
(158). 

While the above Prestle study provides solid evidence of major FKBP 12. 6 effects 
upon RyR2, in Ww, Valdivia (159) noted that this study tells us, at best, only what 
FKBP 12. 6 can do under these circumstances rather than what the FKBP 12.6 actu- 
ally does. Perhaps the most curious observation from the Prestle study was the fact 
that, although larger Ca^’^ releases were observed from FKBP 12.6 transfected car- 
diomyocytes, the kinetics of cell shortening was decreased even though the ampli- 
tude of Ca^"^ transients and total cell contractions were increased. These observations 
suggest FKBP12.6 may modulate a slow component of RyR-mediated Ca^^ release 
rather than the fast initial component. Thus, there may be some kinetic component 
to FKBP 12. 6 regulation of Ca^"^ release and the extent to which it is involved in 
cellular control of SR Ca^"^ fluxes may depend on the specific contribution of SR 
membranes to intracellular Ca^"^ regulation during E-C coupling. 
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Summary. An immunohistochemical study was performed to examine the morphological 
changes of ceU-ceU and cell-extraceUular matrix adhesion molecules in the heart of 300-day- 
old (heart failure stage) male BIO-14.6 cardiomyopathic hamsters. Age- and sex-matched 
BIO-FIB were used as normal control. Confocal laser microscopy using monoclonal anti- 
bodies against pan-cadherin (adherens junctions), desmosomal protein (desmosomes), and 
a- and P-dystroglycan were employed. In control myocardium, N-cadherin and desmosomal 
protein showed an irregular immmunolabelling pattern at the intercalated disks, and a- and 
p-dystroglycan were observed along the myocyte surface. In cardiomyopathic myocardium, 
immunoIabeUing of N-cadherin, desmosomal protein and p-dystroglycan were not altered, 
whereas immunostaining of a-dystroglycan in the sarcolemma of cardiomyopathic 
myocardium was significantly reduced as compared with that of control myocardium. We 
conclude that a disruption of cell-extracellular matrix interaction resulting from loss of a- 
dystroglycan in myocardium may relate to decreased myocardial function in cardiomyopathic 
hamster failing hearts. 

Key words: Adherens junction, Desmosome, Dystroglycan, Cardiomyopathy, 
Immunohistochemistry. 

INTRODUCTION 

The cardiomyopathic BIO-14.6 Syrian hamster has provided the unique possibili- 
ties of studying the frequent involvement of the myocardium in human primary 
muscle disorders (1-3). Cardiac insufficiency develops progressively in cardiomyo- 
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pathic BIO-14.6 hamster through three distinct stages, that is, stages of myolysis 
(30-90 days of age), hypertrophy (90-270 days of age), and insufficiency or heart 
failure (over 270 days of age) (3). Many BIO- 14.6 hamsters die from congestive 
heart failure (2). 

The sarcolemma contains three types of intercellular junctions: gap junctions, 
adherens junctions, and desmosomes, that are frequently combined in the interca- 
lated disks. N-cadherin is a member of the transmembrane Ca + 2-dependent 
glycoprotein cell adhesion molecules and is localized in the adherens junctions (4). 
Desmosomes mediate cell-cell adhesion through the cadherin-family proteins 
desmogleins and desmocolins. 

Dystroglycan was identified in skeletal muscle as a component of the dystrophin- 
glycoprotein complex and consists of a- and p-dystroglycan; the one is a 156kDa 
extracellular laminin-binding glycoprotein and the other is a 43 kDa transmembrane 
glycoprotein (5). 

In the present study, we investigated the spatiotemporal changes of cell-cell and 
cell-extracellular matrix adhesion molecules in myocardium of the BIO- 14.6 car- 
diomyopathic hamster at the congestive heart failure stages by an immunohisto- 
chemical method using monoclonal antibodies against desmosomal protein, 
cadherin, and a- and p-dystroglycan. 



MATERIALS AND METHODS 
Animal treatment and histology 

Experiments were performed on male cardiomyopathic BIO- 14.6 hamsters at the 
congestive heart failure (300 days of age, n = 5) stage. Age- and sex-matched BIO- 
FIB hamsters (n = 5) were used as normal controls in this study. The animals were 
shghtly anesthetized with pentobarbital, and the hearts were rapidly removed and 
weighted. Cardiac tissue samples were rapidly embedded with O.C.T. compound in 
dry ice-aceton. In addition, the hearts were fixed with 10% buffered-formalin and 
embedded in paraffin. Paraffin sections were stained with hematoxylin-eosin or with 
picrosirius red for connective tissue. 

Immunohistochemistry 

Monoclonal antibodies desmosomal protein (Sigma, USA), pan-cadherin 
(Sigma, USA), a-dystroglycan (Upstate Biotechnology, USA) or p-dystroglycan 
(Novocastra, UK) were used as the primary antibodies. The cryosections were fixed 
in ice-cold acetone (for desmosomal protein and pan-cadherin) for 5 minutes at — 
20°C and 2% paraformaldehyde (for a- and P-dystroglycan) for 10 minutes at room 
temperature. All primary antibodies were used at a 1:100 dilution with phosphate 
buffer saline (PBS). The sections were incubated with primary antibodies for 14°C 
in a moist chamber. After rinsing in PBS, the sections were incubated with 
FITC-conjugated secondary antibody (Amersham, USA) at a 1:50 dilution with 
PBS for 1 hour at room temperature. The nuclei were stained with propidium iodide 
(Sigma, USA). 
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Immunohistochemical control sections were incubated as above with deletion of 
the primary antibody. All sections were examined by confocal laser microscope 
Radiance 2000 KR-3 (Bio-Rad, USA). 



Statistics 

Statistical analysis was performed using unpaired Students t-test. A p-value <0.05 
was considered a significant difference. Data are expressed as mean ± S.D. 



RESULTS 

Gross and light microscopic observation 

The heart weights and the heart weight to body weight ratio were significantly 
increased in the heart of BIO-14.6 hamster as compared with that of control 
hamster (Figure 1). In light microscopic observation, the left ventricular (LV) 
myocardium of BIO- 14. 6 hamsters showed hypertrophy and atrophy of the car- 
diomyocytes and severe interstitial fibrosis. However, necrosis and granulation tissue 
are not found. 
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Figure 1. The heart weights (A) and heart weight to body weight ratio (B) of control and 
cardiomyopathic hamsters. The heart weights and the heart weight to body weight ratio were 
significantly increased in the heart of cardiomyopathic hamster as compared with that of control 
hamster. Values are mean ± S.D. ***; p < 0.001 vs control 
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Figure 2. Confocal microscopic images of immunolabeled desmosomal protein (A and B), N- 
cadherin (C and D), a-dystroglycan (E and F) and ^-dystroglycan (G and H) in left ventricular 
myocardium. Panels A, C, E and G; control myocardium (original magnification x600) Panels B, 

D, F and H: cardiomyopathic myocardium (original magnification x600). Immunostaining against N- 
cadherin in cardiomyopathic hamster myocardium shows an increase on fluorescence intensity at the 
intercalated disks (arrow) in hypertrophied cardiomyocytes (D). Immunoreactivity for a-dystroglycan 
in cardiomyopathic myocardium is markedly reduced (F). Immunostaining pattern of desmosomal 
protein (B) and ^-dystroglycan (H) in cardiomyopathic myocardium is similar to that of control 
myocardium (A and G). 

Immunohistochemistry 

N-Cadherin and desmosomal protein 

In normal LV myocardium, immunolabelling of desmosomal protein and N- 
cadherin showed distinct fluorescence at the intercalated disks (Figures 2A and 2C). 
The arrangement and distribution of immunostaining pattern of desmosomal protein 
and N-cadherin in the BIO-14.6 myocardium were similar to that of control 
myocardium. However, immunostaining against N-cadherin showed an increase in 
fluorescence intensity at the intercalated disks associated with hypertrophy of the 
cardiomyocytes (Figures 2B and 2D). 

a-Dystroglycan and p-dystroglycan 

In control LV myocardium, both a- and p-dystroglycans fluorescent signals were 
observed along the cardiac cell surface (Figures 2E and 2G). In cardiomyopathic LV 
myocardium, immunoreactivity for a-dystroglycan was substantially reduced as 
compared to that of control LV myocardium (Figure 2F). In contrast, immuno- 
fluorescence against p-dystroglycan in cardiomyopathic LV myocardium was not 
significantly altered (Figure 2H). 

DISCUSSION 

Cardiac myocytes are jointed end-to-end by means of the intercalated disks. The 
adherens junctions and desmosomes in the intercalated disks are thought to be the 
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mechanical junctions in cardiac myocytes. N-cadherin is localized in the adherens 
junctions of myocytes. Fujio et al. (6) indicated that downregulation of N-cadherin 
was found in cardiomyopathic BIO-14.6 hamster at congestive heart failure stage. 
In the present study, the arrangement and distribution of immunofluorescence 
pattern of N-cadherin was not altered significantly in cardiomyopathic myocardium. 
However, an increase of immunofluorescence intensity for N-cadherin was observed 
in cardiomyopathic myocardium. Since N-cadherin of the adherens junctions links 
to the end of actin filaments of sarcomeres through a-, |3- and y-catenins, vinculin, 
and a-actinin (7), this augmentation of immunofluorescence intensity for N- 
cadherin may be associated with an increase in actin filament as a consequence of 
hypertrophic cardiomyocytes. Moreover, an increase of immunoreactivities for vin- 
culin at the intercalated disks in hypertrophied cardiomyocytes have been reported 
in cardiomyopathic hamster failing hearts (8). 

Desmosomes are button-like points of cell-cell contact that rivet together cells 
and serve as anchoring sites for intermediate filaments, which form a network in 
sarcoplasm and provide tensile strength (9). Wang et al. (4) demonstrated that the 
distribution of immunostaining pattern and fluorescence intensity for desmosones 
at the intercalated disks in left ventricular myocytes of a chronic aortic stenosis 
guinea pig model was not altered by quantitative confocal microscopy at the con- 
gestive heart failure stage. These results are in agreement with our observation. 

The dystrophin-glycoprotein complex comprises dystrophin, a- and p- 
dystroglycan, and a-, p-, y- and 5-sarcoglycan (10). p-Dystroglycan is connected with 
a-dystroglycan, which extraceUularly binds to laminin in the basement membrane 
of the skeletal and cardiac muscle. Moreover, p-Dystroglycan binds to dystrophin 
on the inside of the muscle cells (11). Dystroglycan is a rod like cytoskeletal protein, 
and the NH 2 -terminal domain of dystrophin binds to actin filament. Dystroglycan 
is thought to contributes to structural integrity of the sarcolemma (5). Disruption 
of the a-dystroglycan-extraceUular matrix interaction causes muscular dystrophy 
(12). In this study, immunoreactivity for a-dystroglycan was substantially reduced 
in cardiomyopathic LV myocardium. We suggest that a downregulation of a- 
dystroglycan may be associated with a remodelling of extracellular matrix as a result 
of severe interstitial fibrosis in cardiomyopathic hamster myocardium. 

It is concluded that a disruption of cell-extracellular matrix interaction resulting 
from loss of a-dystroglycan in myocardium may relate to decreased myocardial func- 
tion in cardiomyopathic hamster failing hearts. 
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Summary, Phosphoinositide 3-kinase (PI3K) is a lipid kinase that catalyzes the addition of 
a phosphate molecule specifically to the 3-position of the inositol ring of phosphoinositides. 
Biochemical studies using cultured mammalian cells show that PI3K is activated by receptor 
tyrosine kinases that include insulin or insulin-like growth factors, and PI3K regulates the 
activities of several downstream molecules such as Akt, p70 ribosomal S6 kinase, and glyco- 
gen synthase kinase-3p. The mammalian target of rapamycin, an intracellular target of the 
immunosuppressant rapamycin, interacts with the PI3K pathway PI3K regulates diverse cel- 
lular activities, including growth, DNA synthesis, apoptosis, and cytoskeletal organization in 
cultured cells. Recent genetic studies in Drosophila reveal that the PI3K pathway regulates 
organ and body size in the developmental process in flies. Various agonists or stimuli activate 
PI3K or its downstream effectors in cultured myocytes and heart tissue. Perturbation of the 
PI3K pathway significantly modulates the phenotype of cultured myocytes and the intact 
heart. Since agonists that activate PI3K, such as growth hormone, have been implicated in 
the treatment of heart failure, further studies elucidating the role of PI3K and its downstream 
effectors in the heart may be useful for the development of new strategies to treat cardiac 
hypertrophy and failure. 

Key words: Heart failure. Cardiac hypertrophy. Signal transduction. 

Cardiac hypertrophy, an increase in heart size, is induced by several primary car- 
diovascular diseases. Cardiac hypertrophy initially serves to maintain the cardiac 
output to meet the increased work load. However, prolonged hypertrophy is 
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associated with increases in cardiovascular morbidity and mortality (1). The roles of 
intracellular signaling molecules in the development of cardiac hypertrophy have 
been intensively studied (2,3)- Phosphoinositide 3-kinase is a lipid kinase that is 
activated by tyrosine kinases such as insulin or insulin-like growth factors. 
Phosphoinositide 3-kinase has been shown to regulate diverse cellular activities 
including growth, DNA synthesis, apoptosis, and cytoskeletal organization in 
cultured cells. In this review, we will summarize recent findings about the role of 
phosphoinositide 3-kinase and its downstream effectors in cardiac hypertrophy. 

1. PHOSPHOINOSITIDE 3-KINASE AND ITS DOWNSTREAM EFFECTORS 
Phosphoinositide 3-kinase 

Phosphatidylinositol (Ptdins) is a component of eukaryotic cell membranes that is 
unique among phospholipids in that its inositol head group can be phosphorylated 
at multiple free hydroxyls (4,5). Several phosphorylated derivatives of phos- 
phatidylinositol, collectively termed phosphoinositides, have been identified in 
eukaryotic cells from yeast to mammals. The enzymes that phosphorylate phos- 
phatidylinositol and its derivatives are termed phosphoinositide kinases. Phospho- 
inositide 3-kinases (PI3Ks) are a subfamily of lipid kinases that catalyze the addition 
of a phosphate molecule specifically to the 3-position of the inositol ring of phos- 
phoinositides. There are multiple isoforms of P13Ks which are divided into three 
classes according to their structure and substrate specificity (6). Class I PI3Ks are 
the best characterized class. Class I PI3Ks are subdivided into class lA and IB 
enzymes. Class lA PI3Ks utilize Ptdins, PtdIns(4)P, and PtdIns(4,5)P2 as substrates 
in vitro, and class lA PI3Ks appear to prefer PtdIns(4,5)P2 as a substrate in cells. 
Class lA PI3Ks are activated by tyrosine kinases, and the representative tyrosine 
kinases are insulin and insulin-like growth factor (IGF) receptors. Class IB PI3Ks 
are activated by heterotrimeric G protein-coupled receptors. Class II PI3Ks phos- 
phorylate Ptdins and PtdIns(4)P in vitro, but not PtdIns(4,5)P2- Class III PI3Ks only 
use Ptdins as a substrate. Class III PI3Ks appear to have a housekeeping role in con- 
stitutive membrane trafficking and vesicle morphogenesis. In this article, we will 
review the role of class lA PI3K in cardiac hypertrophy and refer to class lA PI3K 
as PI3K. The role of class IB PI3K in cardiac hypertrophy has been studied previ- 
ously (7,8). 

The pi 10 subunit of class I A PI3Ks exists in a complex with an adaptor protein 
that has two Src homology 2 (SH2) domains. The SH2 domains bind to phospho- 
rylated tyrosine residues that are generated by activated tyrosine kinases in recep- 
tors and various receptor-associated adaptor proteins. Phosphotyrosine binding is 
thought to allow translocation of the cytosolic PI3Ks to the membranes, where their 
lipid substrates reside. The lipid products of PI3K regulate several downstream effec- 
tors. A lipid phosphatase PTEN (phosphatase and tensin homologue on chromo- 
some ten) removes the phosphate from the 3-position of the inositol ring and 
negatively regulates PI3K activity (9). Biochemical analysis using cultured mam- 
malian cells showed that PI3K regulated activities of several downstream molecules 
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Figure 1. Phosphoinositide 3-kinase and its downstream effectors. Phosphoinositide 3-kinase 
(PI3K) and its downstream effectors regulate body or organ size by possibly regulating growth, prolif- 
eration, survival and metabolism of cells. IGFl: insulin-like growth factor 1, Insulin-R: insulin recep- 
tor, IGFl-R: IGFl receptor, IRS; insulin receptor substrate, PI3K; phosphoinositide 3-kinase, PTEN; 
phosphatase and tensin homologue on chromosome ten, PDKl; phosphoinositide dependent protein 
kinase 1, mTOR; mammalian target of rapamycin, S6K1; p70 S6 kinase 1, 4E-BP1; eukaryotic transla- 
tion initiation factor 4E binding protein 1, GSK3; glycogen synthase kinase 3, S6; 40S ribosomal S6 
protein, eIF4E; eukaryotic translation initiation factor 4E. 



such as Akt, p70 ribosomal S6 kinase, and glycogen synthase kinase-3 (3 (Figure 1). 
The mammalian target of rapamycin, an intracellular target of the immunosuppres- 
sant rapamycin, interacts with the PI3K pathway PI3K is known to regulate diverse 
cellular activities including growth, DNA synthesis, apoptosis, and cytoskeletal 
organization in cultured cells (5). 

Effectors of PI3K 

Akt 

Akt, also known as PJkC-PK (protein kinase related to A and C kinases) (10) or 
PKB (protein kinase B) (11), is a well characterized downstream target of PI3K 
(12,13). Mammals have three closely related Akt genes, encoding the isoforms Aktl, 
Akt2 and Akt3 (13). Akt2 and Akt3 show 81% and 83% amino acid identity respec- 
tively with Aktl. All Akt isoforms show a broad tissue distribution. Akt is activated 
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by a multistep process via a variety of signals (12). In the early steps of this process, 
phosphoinositides generated by PI3K bind the pleckstrin homology domain of Akt 
and translocate the kinase to the membrane. On the membrane, Thr308 of Akt is 
phosphorylated by phosphoinositide dependent protein kinase 1 (PDKl) (14) and 
Ser 473 is phosphorylated by a complex mechanism that may involve autophos- 
phorylation (15). Akt is reported to be activated in a PI3K independent manner. 
Ca^'^/calmodulin-dependent protein kinase kinase directly activates Akt, and is likely 
to promote survival of some cultured neurons in a PI3K independent manner 
(16,17). Akt transduces signals that regulate multiple biological processes including 
apoptosis, gene expression, and cellular proliferation (12). 

Glycogen synthase kinase-3p 

Glycogen synthase kinase-3 (GSK3) is a ubiquitously expressed serine/threonine 
kinase (18). In humans there are two isoforms of GSK3, namely GSK3a (51 kDa) and 
GSK3P (47 kDa). GSK3a and GSK3p have 97% sequence homology within their 
kinase domains, and GSK3a has an extended N-terminal glycine-rich tail. GSK3p is 
enzymatically active in unstimulated cells. Inactivation of GSK3p is induced by phos- 
phorylation of Ser9 by upstream kinases (19). Akt is one of the important physio- 
logical kinases of GSK3p (20). However, GSK3p is also phosphorylated in a PI3K or 
Akt independent manner (21,22). GSK3p plays important roles in diverse biological 
processes such as protein synthesis, cell differentiation, cell proliferation, microtubule 
dynamics, cell motility and/or apoptosis (18). GSK3p phosphorylates the GTP-GDP 
exchange factor eIF2B and negatively regulates initiation factor eIF2-directed 
methionyl-tRNA binding to the 40S ribosome (23). Inactivation of GSK3p by Akt 
might increase protein synthesis by increasing the efficiency of translation. 

p70 Ribosomal S6 kinase 

p70 ribosomal S6 kinase 1 (S6K1) is a physiological serine/threonine kinase for the 
ribosomal S6 protein (24). A highly homologous gene, termed S6K2, has also been 
identified (25). In the case of S6K1, at least eight phosphorylation sites are believed 
to mediate kinase activation in a hierarchical fashion (24). Akt alone is sufficient to 
activate S6K1 in some cultured cell Unes (26), although it is likely that activation of 
S6K1 is not solely dependent on Akt (27). Protein kinase C or calcium also acti- 
vates S6K1 in a PI3K independent mechanism (28,29). S6K1 is involved in the 
selective translation of a unique family of mRNAs, by mediating the multiple phos- 
phorylation of 40S ribosomal protein S6 (24). The mRNAs are characterized by an 
oligopyrimidine tract at their 5' transcription start site. These mRNAs encode for 
components of the translational apparatus, including ribosomal proteins and trans- 
lational elongation factors. 

Mammalian target of rapamycin 

Rapamycin, a lipophilic macrolide, has been used as a potent immunosuppressant 
(30). In search for molecules affected by rapamycin, TOR (target of rapamycin) was 
identified in yeast (reviewed in Gingras et al. (31)). Purification and molecular 
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cloning of the mammalian TOR (mTOR) revealed a 290 kDa protein, which is 
highly related to yeast TOR. The mTOR protein contains a carboxy- terminal 
domain with homology to phosphatidylinositol kinases. Rapamycin binds with high 
affinity to FKBP12 (FK506-binding protein, MW of 12kD) and this complex then 
binds to mTOR, inhibiting the function of mTOR. Although overexpression of a 
constitutively active Akt mutant lead to a modest increase in mTOR kinase activ- 
ity, and moderately increased mTOR phosphorylation (32-34), an mTOR mutant 
protein possessing an alanine substitution at a putative Akt consensus phosphoryla- 
tion site retained its ability to activate S6K1 after growth factor stimulation (34). 
Thus, the role of Akt in the regulation of mTOR kinase activity is not yet clear. 
More recent studies have shown that mTOR activity can be modulated in cells by 
levels of small molecules such as branched-chain amino acids, ATP and phospha- 
tidic acid (35,36). These results suggest that mTOR may work as the link between 
mitogen pathways and nutrient signals. The mammalian TOR controls a diverse set 
of downstream effectors which are important for cellular growth (37). These effec- 
tors include S6K1 and eukaryotic translation initiation factor 4E binding proteins 
(4E-BPs), which are also potential downstream effectors of Akt (26,38). 

2. ROLE OF THE PI3K PATHWAY IN BODY OR ORGAN SIZE REGULATION 

Recent genetic studies in Drosophila reveal that several molecules that are activated 
by insulin or IGFs in mammals regulate organ and body size in the fly (39). Hypo- 
morphic mutations in Im, which encodes the insulin/ IGF receptor, results in smaller 
flies (40). Overexpression of activated or dominant-negative PI3K, a target of the 
insulin/ IGF receptor, increases and decreases the size of fly wings respectively (41). 
NuU mutation in chico, which encodes the insulin receptor substrate protein in 
Drosophila, causes a reduction in size and the number of cells in each organ (42). 
In contrast, mutation in ribosomal S6 kinase, a downstream effector of PI3K, results 
in flies which have a normal number of cells, but cells are smaller than wild type 
(43). Deletion of genes for IGFs or their receptors (44-46), insulin receptor sub- 
strates (47-49) or S6K1 (25) results in dwarfism in mice, suggesting the importance 
of the conserved insulin/ IGF-PI3K pathway in body size determination in 
mammals. However, the role of PI3K in relation to organ size regulation in 
mammals had not been well studied. 

3. ROLE OF THE PI3K PATHWAY IN CARDIAC HYPERTROPHY 
Activation of the PI3K pathway in the heart 

Various agonists or stimuli have been shown to activate PI3K or its downstream 
effectors in cultured myocytes and in the intact heart. 

Cultured myocytes 

Insulin (50), IGFl (51), phenylephrine (52), leukemia inhibitory factor (LIF) (53), 
and P 2 -adrenergic receptor stimulation (54) induced PI3K activation in cultured 
cardiac myocytes. Insulin (50), IGFl (55), LIF (53), cardiotrophin-1 (56), tumor 
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necrosis factor (TNF)-a (57), Fas ligand (58), p 2 -adrenergic receptor (54,59), and 
stretching of isolated adult cardiac myocytes (60) have all been shown to activate 
Akt in cultured myocytes. Angiotensin II (61), phenylephrine (62), neuregulin-1 
(63), p-adrenoreceptor agonists (64), and LIF (53) were reported to induce S6K1 
activation. GSK3p is phosphorylated (inactivated) by endothelin (58,65), IGFl 
(58,65), Fas ligand (58) or isoproterenol (66). Finally, insulin (67) or electrically 
stimulated contraction (68) induced phosphorylation of 4E-BP1. 

Heart tissue 

IGFl mRNA was increased in the hearts of rats with cardiac hypertrophy induced 
by hypertension (69). Increased cardiac IGFl formation was associated with the 
physiological hypertrophy seen in athletes (70). IGFl mRNA was increased in hearts 
from patients with aortic stenosis or regurgitation (71). Akt phosphorylation was 
enhanced in the heart of transgenic mice expressing IGFl (72). Akt was activated 
in hypertrophied hearts from patients with heart failure (73). Ischemia or volume 
overload increased Akt phosphorylation in rat hearts (74). PI3K or Akt was not acti- 
vated in pressure overloaded hearts (75). In another report, class IB PI3K and Akt 
were activated, but class lA PI3K was not activated in response to pressure overload 
(7). Pressure overload activated S6K1 in heart tissue (7,75,76). Pressure overload (65) 
induced GSK3p phosphorylation in mouse hearts (58,65). GSK3P was phosphory- 
lated in hypertrophied hearts from patients with heart failure (73). 

Modulation of the PI3K pzathway in the heart 

Cultured myocytes 

Perturbation of the PI3K pathway has been shown to modulate the phenotype of 
cultured myocytes. IGFl induced hypertrophy of cultured myocytes (77). Overex- 
pression of wild type PTEN in cultured myocytes induced myocyte apoptosis, 
whereas expression of a catalytically inactive PTEN induced cardiac myocyte hyper- 
trophy (78). TNFa-induced hypertrophy of cultured myocytes was suppressed by 
adenoviral gene transfer of dominant negative PI3K or Akt (57). LY294002 (an 
inhibitor of PI3K) or rapamycin (an inhibitor of mTOR) attenuated phenylephrine 
induced myocyte hypertrophy (62). Phenylephrine increased PI3K activity, and 
wortmannin attenuated phenylephrine induced myocyte hypertrophy (52). Expres- 
sion of constitutively active Akt induced myocyte hypertrophy in culture (66). 
Expression of constitutively active PI3K or Akt increased protein synthesis in cul- 
tured myocytes (65). Overexpression of GSK3p inhibited cardiac protein synthesis 
and hypertrophic gene expression (65,66,79). Effects of IGFl on the gene expres- 
sion profile in cultured myocytes was examined, and genes involved in intracellular 
signaling, cell cycle, transcription/translation, mitochondrial function, cell survival, 
ion channels, and humoral factors were modulated by IGFl (80). 

Animal models 

The role of the PI3K pathway in the intact heart has been examined using genet- 
ically engineered mouse models. Overexpression of IGFl in the heart induced 
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cardiac hypertrophy in transgenic mice (81). In cardiomyocyte-selective insulin 
receptor knockout mice, hearts were reduced in size by 22—28% (82). We have per- 
turbed the activity of PI3K specifically in cardiac myocytes by expressing a consti- 
tutively active PI3K (caPI3K) mutant or a dominant-negative PI3K (dnPI3K) 
mutant in transgenic mice (83). The caPI3K mutant (iSH2pllO) is a chimeric 
molecule that contains the iSH2 domain of the p85 regulatory subunit fused to the 
N-terminus of bovine pi 10a by a flexible glycine-linker (84). The dnPI3K mutant 
(pllOAkinase) is a truncated pi 10 mutant which contains the p85 binding domains, 
but lacks the kinase domain. The caPI3K transgene resulted in a larger heart asso- 
ciated with an increase in myocyte size, whereas expression of the dnPI3K mutant 
resulted in a smaller heart associated with smaller myocytes (Figure 2). The pro- 
portion of the chamber size, architecture of the myocardium or cardiac function 
were not disturbed by the modulation of PI3K activity, suggesting that PI3K specif- 



NTg caPISK dnPISK 




Bars=1 mm 



Figure 2. PI3K is necessary and sufficient to promote heart growth. In transgenic mice 
expressing a constitutively active PI3K (caPI3K) mutant in the heart, there was a proportional increase 
in the size of all chambers and ventricular wall thickness. In transgenic mice expressing a dominant- 
negative PI3K (dnPI3K) mutant, the heart was smaller than non-transgenic mice. Bars represent 1 mm. 
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ically regulates heart size. Furthermore, we have generated and characterized trans- 
genic mice expressing a constitutively active Aktl gene (caAkt) or a kinase-deficient 
Akt gene (kdAkt) specifically in the heart (85). For the caAkt mutant 
(Akt(T308D/S473D)), 2 residues critical for activation of Akt were replaced by neg- 
ative charged amino acids (T308D/S473D). This mutant has been shown to have 
comparable activity to endogenous Akt stimulated with insulin (27). For the kdAkt 
mutant (Akt(K179M)), the critical ATP binding site was mutated. The heart weight 
of caAkt transgenic mice was increased by 2.0 fold compared with that of non- 
transgenic mice (Figure 3A). Expression of the kdAkt transgene did not profoundly 
decrease the basal activity of endogenous Akt, and the heart size of kdAkt trans- 
genic mice was normal. To determine whether Akt is genetically downstream of 
PI3K in the intact mammalian heart, Akt transgenic mice were crossed with PI3K 
transgenic mice. The kdAkt mutant attenuated the caPI3K induced overgrowth of 
the heart (Figure 3B), and the caAkt mutant circumvented cardiac growth retarda- 
tion induced by the dnPI3K mutant (Figure 3B). These data suggest Akt is genet- 
ically downstream of PI3K. In addition, rapamycin attenuated caAkt induced 
overgrowth of the heart, suggesting that niTOR or effectors of niTOR mediated 
the caAkt induced heart growth. 

These studies using transgenic animals suggest that IGFl, PI3K and Akt play a 
critical role in regulating heart growth throughout the developmental stage. The 
role of these molecules in cardiac hypertrophy induced by pathological stress, such 
as pressure overload, needs to be determined in future studies. Load-induced cardiac 
hypertrophy occurred normally in mice with severe IGFl deficiency (86). In con- 
trast, cardiac specific overexpression of an unphosphorylatable from of GSK3P atten- 
uated developmental heart growth as well as cardiac hypertrophy in response to 
aortic banding and isoproterenol stimulation (87). 



4. DISCUSSION 

How does the PI3K pathway regulate cardiac hypertrophy? Cardiac myocyte hyper- 
trophy is associated with increased efficiency and capacity for protein synthesis (88). 
Stretching papillary muscles (89) or increasing the intraventricular pressure in 
Langendorff preparations (90) results in increased protein synthesis. Stretch (91) as 
well as several growth factors, such as angiotensin II (61) or phenylephrine (62), 
induce protein synthesis in neonatal cultured myocytes. Since it has been shown 
that PI3K or its downstream effectors are involved in protein synthesis, it is likely 
that the PI3K pathway induces cardiac hypertrophy by increasing the efficiency of 
protein synthesis. In addition, PI3K, Akt and mTOR have been shown to regulate 
cytoskeletal organization and gene expression in cultured cell lines. Hypertrophy of 
myocytes also requires changes in this aspect. Thus, it is likely that the PI3K 
pathway induces cardiac hypertrophy by regulating protein synthesis, cytoskeletal 
organization and gene expression in an integrated manner. 

The cardiovascular effects of growth hormone have been extensively examined 
(92). Biventricular hypertrophy was observed in patients with acromegaly (93). 
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Figure 3. Akt is sufficient to promote heart growth. (A) In transgenic mice expressing consti- 
tutively active Akt (caAkt) there was a marked increase in the size of all chambers and in ventricular 
wall thickness. The proportion of the size of the chambers was maintained. Overexpression of kdAkt 
did not inhibit the activity of endogenous Akt profoundly, and the heart size of kdAkt transgenic 
mice was normal. Bars represent 1 mm. (B) Heart weight/body weight (HW/BW) ratio of double 
transgenic mice expressing both caPI3K and kdAkt transgenes was significantly lower than that of 
caPI3K mice (left panel, 1.10 ± 0.01 vs 1.22 ± 0.03, p = 0.0096, NTg = 1.00). HW/BW ratio of 
double transgenic mice having both dnPI3K and caAkt was similar to that of caAkt (right panel, 2.24 
± 0.08 vs 2.31 ± 0.25, p = 0.7438, NTg = 1.00). These results indicate that Akt is genetically down- 
stream of PI3K in relation to heart size regulation, n, number of mice. *p < 0.05 vs NTg, "^^p < 0.05 
vs caPBK, ^p < 0.05 vs dnPI3K. 






96 I. Cellular Processes Involved in Heart Dysfunction 



Growth hormone is reported to increase left ventricular wall thickness, reduce 
chamber size and improve clinical symptoms (94). However, in a larger clinical trial, 
growth hormone increased left ventricular mass in patients with dilated cardiomy- 
opathy, but did not improve clinical symptoms or exercise tolerance (95). Since the 
biological effects of growth hormone are sometimes different from those of IGF 1, 
a lack of therapeutic efficiency with growth hormone does not necessarily attest to 
an ineffectiveness of IGFl therapy for cardiomyopathy (96). Furthermore, IGFl acti- 
vates signaling pathways other than the PI3K pathway (51). Thus, further studies 
regarding the roles of PI3K and its downstream effectors in the heart may be useful 
for the development of new strategies to treat cardiac hypertrophy and failure. 
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Summary. The signaling pathways involved in ischemic heart disease are not well under- 
stood. In this study, the role of Ras/ GTPase, and the serine threonine Calcium/ Calmodulin- 
dependent protein kinase II (CaMK II) in mediating global ischemia and hyperthermic 
preconditioning (PC) in a perfused rat heart model was investigated. A 60 minute episode 
of global ischemia in perfused rat hearts produced significantly impaired cardiac function, 
measured as left ventricular developed pressure (Pmax) and left ventricular end-diastolic pres- 
sure (LVEDP), and impaired coronary hemodynamics, measured as coronary flow (CF) and 
coronary vascular resistance (CVR). PC and/or pre-treatment with Ras/GTPase inhibitor 
FPT III (232 ng/min for 6 days) significantly enhanced cardiac recovery. Combination of PC 
and FPT III treatment did not produce any additive benefits as compared to either treatment 
alone. In contrast, pre-treatment of hearts with CamKII inhibitor, KN-93 (578 ng/min for 6 
days), produced detrimental effects on recovery of cardiac function and coronary hemo- 
dynamics after 30 min ischemia. PC did not produce any improvement in cardiac function 
in animals that were pretreated with KN-93. However, PC did produce partial improvement 
in function in animals that were pretreated with both FPT III and KN-93. These observa- 
tions suggest that beneficial effects produced by hyperthermic preconditioning are mediated 
by inhibition of signal transduction pathways involving Ras/GTPase. These results also indi- 
cate that CaMK Il-mediated regulation of calcium homeostasis is part of the hyperthermic 
preconditioning mechanisms that improve recovery after ischemia/reperfusion. For reasons 
that are not clear inhibition of Ras/GTPase attenuated the detrimental effects of CaMK II 
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inhibition suggesting that removal of Ras/GTPase input improves recovery either by improv- 
ing calcium regulation and/or some other mechanism. 

Key words: Cardiac ischemia/reperfusion, preconditioning, heart, sodium-hydrogen 
exchanger, ischemia, Ras/GTPase, CaMK II. 

INTRODUCTION 

Cardiac ischemia arising from coronary heart disease or open-heart surgery can lead 
to cardiac failure. The development of rationally-designed therapeutic agents will 
depend on a thorough understanding of the underlying signalling mechanisms 
involved in the development of cardiac ischemia as these are poorly understood at 
present. Several G-protein-coupled receptors (GPCR) agonists such as norepineph- 
rine, angiotensin and thrombin increase activity of cardiac NHE-1 activity by 
increasing sensitivity of exchanger to (1). GPCRs constitute the largest family 
of cell-surface molecules involved in signal transmission and play key physiological 
roles, with their dysfunction resulting in several disease states. Stimulation of GPCRs 
results in activation of several molecular routes that includes Ras/GTPase family of 
molecules. Activation of the Ras/GTPase signalling pathway by GTP loading of 
Ras/GTPase proteins is the critical step that connects the events at the plasma 
membrane with cellular and nuclear responses. Farnesylation of p21 Ras/GTPase is 
catalysed by the enzyme farnesyltransferase and is an obligatory initial step that 
targets Ras proteins to the plasma membrane for future activation. 

We previously showed that Ras/GTPase activity in the heart is increased during 
the development of hypertension (2,3). Further we showed that normalization of 
Ras/GTPase activity by the selective inhibition with FPT III prevented elevation 
of blood pressure and hypertension-related end organ damage in several models of 
hypertension (2). Abe et al. (4,5) suggested a role for Ras/GTPase in reactive oxygen 
species-mediated cardiovascular disease by demonstrating that Ras/GTPase is essen- 
tial for both p90RSK and ERKl/2 activation by F1202 which is increased in hyper- 
tension, inflammation, ischemia-reperfusion injury, and atherosclerosis (6). These 
observations led to our hypothesis that Ras/GTPase activity may play an important 
role in cardiac dysfunction due to ischemia-reperfusion damage and cardioprotec- 
tion by preconditioning. 

Ischemia/reperfusion (I/R) can cause calcium overload which may lead to 
impaired myocardial contraction. It has been suggested that PC attenuates reduc- 
tion in cardiac function due to I/R by improving the mechanisms involved in han- 
dling of excessive calcium due to I/P. Dhalla and colleagues showed that attenuation 
of PC-mediated protection of changes in cardiac function by an inhibitor of CaMK 
II correlated linearly with reduced sarcoplasmic reticulum calcium uptake, which in 
turn correlated well with attenuated CaMK II activity (7). Flowever, the contribu- 
tion of CaMK II to hyperthermic preconditioning and the effect of Ras/GTPase- 
mediated signal transduction on CaMK Il-mediated calcium regulation in a model 
of global ischemia have not been elucidated. 

The aim of the present study was to examine the role of the Ras/GTPase and 
CaMK II in mediating events during cardiac ischemia/reperfusion and hyperther- 
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mic preconditioning, and subsequent recovery of function in a clinically relevant 
model of sustained global cardiac ischemia. 

METHODS 

Experimental protocol 

To study the effects of inhibitors of Ras farnesyl transferase (FPT III) and CaMK 
II (KN-93) on hyperthermic preconditioning, rats were divided into various groups. 
FPT III and KN-93 were administered using osmotic minipumps (model 2ML1). 
The osmotic minipumps were filled with FPT III, KN-93 or vehicle and placed in 
the abdominal cavity. The osmotic minipumps delivered FPT III (138ng/min) or 
KN-93 (578 ng/ min) over a period of one week. The doses of FPT III and KN- 
93 used in these studies were determined by our previous studies where we showed 
normalization of hypertension-related elevation of Ras/GTPase and CaMK II levels 
in the heart (2,3). 

The harvested hearts from FPT III-, KN-93 or vehicle-treated rats were perfused 
with the perfusion medium for 30 minutes before subjecting them to 60 minutes 
of unprotected ischemia at 34°C or hyperthermic (42°C) preconditioned ischemia 
(60 min at 34°C). At the end of the ischemic period all the hearts were reperfused 
for 30 min at 34°C when the post-ischemic left ventricular contractility was 
recorded and compared. Our previous studies indicated that hyperthermic (42°C) 
preconditioning provided optimal protection to left ventricular function (8) and 
therefore this model of preconditioning was selected for this study. 

Heart perfusion 

Rats were lightly anaesthetized with Intraval Sodium (40 mg/kg body weight) and 
hearts were rapidly removed after intravenous heparinization (lOOOU/kg body 
weight). This investigation conforms to the guide for the care and use of Labora- 
tory animals published by the US National Institute of Health (NIH publication 
No 85-23, revised 1985). The excised hearts were immediately mounted on the 
Langendorff perfusion assembly (Hugo Sachs Electronics (HSE) Freiburg, Germany), 
and were perfused with a constant pressure perfusion of 50mmHg with oxygenated 
(95% O2 + 5% CO2) Krebs-Henselit buffer (34°C) of the following composition 
(in mM): NaCl 117; KCl 4.39; CaCb 2.5; NaHC03 20.0; KH2PO4 1.21; 
MgCl2.6H20 1.2; Glucose 12.0; osmolarity 300mOsm/l, pH 7.35. A water-filled 
balloon was introduced into the left ventricle and connected to a Statham pressure 
transducer (P23Db) and balloon volume was adjusted to give the baseline end- 
diastolic pressure of 5mmHg. Left ventricular developed pressure (Pmax) and left 
ventricular end-diastolic pressure (LVEDP), were continuously monitored and 
computed for statistical significance by paired students t-test. 

RESULTS 

Table 1 shows Pmax values at the end of 30 minutes of reperfusion following 1 
hour of ischemia. Recovery of Pmax was very poor in hearts that underwent 
ischemia alone (46 ± 7mmHg). PC and FPT-III pretreatment significantly (p < 
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Table 1. Effect of FPT III on the left ventricular functions in 
ischemic-reperflised and hyperthermic (42°C) preconditioned hearts 





P„u> 


, (mmHg) 


LVEDP (mmHg) 


Con 


Rep 


Con 


Rep 


Ischemia 34°C (n = 7) 


111 ± 6 


46 ± 7* 


5 ± 0.1 


43 ± 4* 


PC + Ischemia 34°C (n = 7) 


124 ± 6 


80 ± 6-^t 


5 ± 0.3 


18 ± 2 *-^ 


FPT + Ischemia 34°C (n = 6) 


119 ± 8 


97 ± 5*t 


6 ± 0.2 


20 ± 2*t 


FPT + PC + Ischemia 34°C (n = 7) 


109 ± 7 


88 ± 6^t 


5 ± 0.1 


14 ± l^t 



The data was computed at 30 mm reperfusion and expressed as mean ± SEM. 

Con, Control; Rep, Reperfusion; Left ventricular developed pressure; LVEDP, Left ventricular end-diastolic 

pressure. 

*, p < 0.05 compared with respective controls; f - P < 0.05 compared to Ischemia 34°C. 



0.05) improved the post-reperfusion recovery in the left ventricular Pmax (80 ± 6 
and 97 ± SmmHg, respectively, and significantly (p < 0.05) reduced the excessive 
rise of LVEDP (18 ± 2 and 20 ± 2mmHg, respectively, when compared with 
vehicle-treated ischemia-reperflision LVEDP: (43 ± 5mmHg). FPT-III did not show 
any additive protection when used in combination with PC. Reperfusion recovery 
in Pmax and LVEDP did not significantly differ between the hyperthermic (42°C) 
preconditioned hearts; FPT-III pretreated ischemic hearts and FPT-III pretreated 
preconditioned (42°C) hearts (Table 1). 

In contrast, pretreatment with CaMK II inhibitor KN-93 resulted in opposite 
results as compared to pretreatment with FPT III (Table 2). As shown before, recov- 
ery of Pmax was very poor in hearts that underwent ischemia alone (46 ± 7 mmHg) 
and recovery was even worse with KN-93 pretreatment (22 ± 3 mmHg, p < 0.05). 
As expected, Pmax values were much higher in hearts that were preconditioned 
before ischemia (80 ± 6 mmHg). However, pretreatment with CaMK II inhibitor 
KN-93 before PC prevented the beneficial effect on Pmax observed in PC hearts 
(23 ± 6 mmHg). Interestingly, inhibition of Ras/GTPase with FPT III with simul- 
taneous inhibition of CaMK II attenuated the detrimental effects of KN-93 on 
PC-induced improvements. (Pmax: 55 ± 5 mmHg). Similar pattern of effects were 
observed on LVEDP values (Table 2). 

DISCUSSION 

In ischemic heart disease, the heart is exposed to many cell stresses including the 
increased production of ROS, ionic imbalances, metabolic deprivation, and osmotic 
and mechanical stresses (6). As a result, such ischemic triggers are known to 
initiate release of mediators that activate numerous receptors including G-protein 
coupled receptors and receptor tyrosine kinases. For example, ROS stimulates acti- 
vation of small G-proteins and kinases such as Ras/GTPase and MAP Kinases that 
can ultimately lead to calcium overload and cardiac dysfunction (6). However, there 
is considerable controversy in the exact role of specific signalling molecules involved 
in both ischemia-reperfusion and preconditioning (9,10). For example, the inhibi- 
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Table 2. Effect of KN93 on the left ventricular functions in ischemic-reperflised and 
hyperthermic (42°C) preconditioned hearts. Influence of combined protection with FPT III 





Pmax 


(mmHg) 


LVEDP (mmHg) 


Con 


Rep 


Con 


Rep 


Ischemia 34°C (n = 7) 


111 ± 6 


46 ± 7* 


5 ± 0.1 


43 ± 4* 


PC + Ischemia 34°C (n = 7) 


124 ± 6 


80 ± 6*t 


5 ± 0.3 


18 ± 2*t 


KN93 + Ischemia 34°C (n = 3) 


123 ± 5.4 


22 ± 3*tt 


5.5 ± 0.2 


41 ± 


KN93 + PC + Ishemia 34°C (n = 5) 


99 ± 5 


23 ± 6*t 


5.3 ± 0.1 


30.3 ± 3*t 


FPT + KN93 + PC + Isch. 34°C (n = 3) 


95 ± 8 


55 ± 5*t$# 


5.3 ± 0.5 


13.7 ± 4*t$# 



The data was computed at 30 min reperfusion and expressed as mean ± SEM. 

Con, Control; Rep, Reperfusion; Left ventricular developed pressure; LVEDP, Left ventricular end-diastolic 

pressure. 

p < 0.05 compared with respective controls; P < 0 05 compared to Ischemia 34°C; t, p < 0.05 compared to 
PC + Ischemia and $, p < 0.05 compared to KN93 + Ischemia; #, p < 0.05 compared to KN93 + PC + Ischemia. 



tion of p38 MAP kinase has been purported to both improve and exacerbate re- 
covery from ischemia-reperfusion and preconditioning (9,10). For example, the 
inhibition of p38 MAP kinase has been purported to both improve and exacerbate 
recovery from ischemia-reperfusion implying opposing roles for this MAP kinase in 
the development of ischemia (5,11). 

The isolated perfused rat heart exhibited poor recovery in cardiac function and 
coronary hemodymanics when exposed to a 60 minutes episode of ischemia fol- 
lowed by 30 minutes reperfusion. Hyperthermic PC produced significant improve- 
ment in recovery from ischemia as compared to ischemia alone and was consistent 
with previous findings (8). 

Ras/GTPase inhibition prevents cardiac ventricular 
dysfunction due to ischemia-reperfusion 

We have previously shown that Ras/GTPase activity in the heart is increased during 
the development of hypertension, and that normalization of Ras/GTPase activity, 
by selective inhibition with FPT III, prevented elevation of blood pressure and 
hypertension-related end organ damage in several models of hypertension (2,3). 
This, and the previous finding that Ras/GTPase can be activated by reactive oxygen 
species, led to our hypothesis that Ras/GTPase activity may play an important role 
in cardiac dysfunction due to ischemia-reperfusion. This study shows for the first 
time that inhibition of Ras/GTPase, by the use of an inhibitor of Ras/GTPase 
farnesylation, significantly improves cardiac function in a manner comparable to PC. 
FPT III pretreatment significantly improved left ventricular contractility (Pmax and 
LVEDP) to values similar to those observed with PC. 

Inhibition of CaMK II exacerbates left-ventricular contractile 
dysfunction due to ischemia-reperfusion 

CaMK II is a multifunctional serine threonine kinase responsible for regulating the 
activity of several Ca^'^-handling proteins that play important roles in cardiac and 
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vascular functions. We previously showed that CaMK II activation represents an 
important component of the mechanisms initaiting vascular smooth muscle cell pro- 
liferation and development of hypertension (2,3). Since calcium overload has been 
implicated as an important intermediatory step in cardiac dysfunction, in the present 
study we examined the role of CaMK II in recovery of cardiac function following 
ischemia/reperfusion. Inhibition of CaMK II by KN93 produced detrimental effects 
on recovery of cardiac functions. These findings contribute to the understanding 
of signalling mechanisms involved in ischemia/reperfusion. Our data suggest 
that CaMK II is involved in signalling pathways leading to recovery from cardiac 
ischemia whereas Ras/GTPase signaUing pathways are critical in the development 
of cardiac dysfunction due to ischemia. 

Our present study and that of others suggest the schematic scheme represented 
as Figure 1 for signalling molecules involved in cardiac dysfunction due to 
ischemia/reperfusion. It suggests that release of various mediators by ischemia leads 
to activation of RTK- and GPCR-mediated signal transduction pathways. The 



CaMKII t 




Uptake^ 




Figure 1. Schematic representation for the signaling molecules involved in Cardiac dysfunction due 
to Ischemia-reperfusion. 
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Ras/GTPase pathway leads to activation of NHE-1 which produces calcium over- 
load and cardiac dysfunction. On the other hand, the data from our present study 
and that of Dhalla and colleagues suggest that activation of the CaMK II pathway 
prevents development of calcium overload and thereby plays a protective role during 
ischemia-reperfusion. 

In conclusion, this study has demonstrated that inhibition of Ras/GTPase 
significantly improved recovery of left ventricular function after global ischemia 
implicating Ras/GTPase-activated signal transduction as a mediator of ischemia- 
reperfusion injury. In contrast, inhibition of CaMK II produced detrimental effects 
on recovery of cardiac function in conditions with or without PC suggesting 
that CaMK II is part of the protective mechanisms activated during ischemia- 
reperfusion or activated due to PC. 
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Summary. We have studied NO and cyclic AMP signaling in freshly isolated rat cardiac 
fibroblasts in primary culture. Although these cells express eNOS, basal production of NO 
is low and is only slightly stimulated by treatments that elevate intracellular Ca"^. However, 
iNOS is readily induced in these cells by IL-lp and by the combination ofTNFa and IFNy, 
the latter causing cell death that L-NAME inhibits. Activation of p 2 -adrenergic receptors 
enhances iNOS-induction and NO production, an effect mimicked by forskolin and dibu- 
tyryl cyclic AMP and antagonized by inhibition of PKA. The effect of cAMP-PKA to 
enhance iNOS induction is due to message stabilization that results in a doubling of the half- 
life of iNOS mRNA. Conversely, NO (from iNOS induction or from pharmacologic NO 
donors) reduces cyclic AMP accumulation in rat cardiac fibroblasts. This cyclic AMP lower- 
ing effect of NO does not result from inhibition of cyclic AMP production but rather from 
stimulation of cycHc AMP degradation, an effect of NO that depends on soluble guanylyl 
cyclase activity, is independent of PKG activation, and results from the stimulation of PDE2 
by cyclic GMP. Experiments with PDE inhibitors indicate that PDE4 is the main PDE activ- 
ity in these cells (62%), with PDE2 (8%) and PDE3 (1%) making smaller contributions in 
isoproterenol-stimulated cells. PDEl seems to be absent and an additional PDE activity is 
implied by inhibitor data. 

Key words: nitric oxide (NO), cyclic AMP, IL-lp, cyclic GMP, PDE2. 
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INTRODUCTION 

We have recently been defining the pharmacology of second messenger generation 
in ventricular fibroblasts isolated from adult rat heart. The rationale for this work is 
that fibroblasts comprise 65% of the heart by cell number and about 16% of the 
heart by cell mass. Furthermore, these cells are responsible for the deposition and 
maintenance of the cardiac extracellular matrix, for healing in damaged areas of 
myocardium, and for some adverse contributions to cardiac hypertrophy. It seemed 
likely to us that these aspects of fibroblast function might be usefully regulated by 
hormones and drugs and that fibroblasts might produce diffusible messengers, such 
as nitric oxide (NO), that could affect the functions of both fibroblasts and myocytes. 

In the course of this work, we have defined conditions under which fibroblasts 
produce substantial quantities of NO. Although cardiac fibroblasts express eNOS 
(the Ca^/calmodulin calmodulin activated, endothelial form of NO synthase), they 
make little NO basally or when cell Ca"^ is elevated (1). However, certain cytokines 
cause a prominent induction of iNOS (the inducible NO synthase), with a con- 
comitant production of substantial NO (2). 

This paper summarizes both published and unpublished work that demonstrates 
several interactions between the iNOS/NO/cyclic GMP pathway and the cyclic 
AMP pathway in cardiac fibroblasts. The data indicate that IL-lp induces iNOS 
expression and that activation of the cyclic AMP/PKA pathway stabilizes iNOS 
mRNA, thereby enhancing induction of iNOS and the production of NO. 
Conversely, NO activates the soluble guanylyl cyclase and the resulting cyclic GMP 
activates PDE2, the cyclic GMP-stimulated isoform of cyclic AMP phosphodi- 
esterase. Thus, cardiac fibroblasts can produce large quantities of NO in response to 
IL-lp; furthermore, immune activation and p 2 -adrenergic stimulation can interact to 
affect cellular responses to these stimuli, enhancing the NO pathway and diminish- 
ing the cyclic AMP pathway. 

MATERIALS AND METHODS 
Materials 

Rat recombinant IL-ip, Sigma-Aldrich (St. Louis, MO). CoUagenase I and trypsin, 
Worthington (Freehold, NJ). SNAP, Alexis Biochemicals (San Diego, CA). Mono- 
clonal antibody to iNOS, Transduction Laboratories (Lexington, KY). a-^^PJATP 
and [^H]cAMP, Perkin Elmer Lifesciences (Boston, MA). All other reagents and 
chemicals were of reagent grade from Sigma-Aldrich or Calbiochem-Novabiochem 
(La JoUa, CA). 

Isolation of adult ventricular fibroblasts 

Rat cardiac fibroblasts were isolated from adult male Sprague-Dawley rats (250— 
275 g) as recently described (2,3), using a trypsin/collagenase digestion. Cells were 
cultured in Dulbecco’s modified Eagles medium (DMEM) supplemented with 
10% fetal bovine serum and penicillin/streptomycin (lOOU/ml). All cells used in 
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experiments were from passages 2 through 4. The purity of these cultures was 
greater than 95% as determined by immuno-staining. 

Western blot analysis 

Fibroblasts (on 60 mm culture dishes) were lysed at 4°C in a buffer containing 
50mM (3-glycerolphosphate (pH 7.5 at 4°C), 1 mM EGTA, lOmM MgCl 2 , 1% 
TritonX-100, ImM PMSF and 10|Ig/ml leupeptin. Equal amounts of total 
protein/lane were loaded and separated on a 7.5% SDS-polyacrylamide gel, then 
transferred to an Immobilon-P membrane (Millipore, Bedford, MA). After blocking 
in 5% non-fat milk, the membrane was incubated with a monoclonal iNOS 
antibody overnight at 4°C, followed by a series of washes and incubation with a 
secondary antibody coupled to horseradish peroxidase for 1 h at 20°C. iNOS was 
detected using enhanced chemiluminescence (Amersham Life Science). 

Measurement of nitrite levels 

NO production was estimated by measuring nitrite accumulation in the culture 
medium. Fibroblasts were plated on 60 mm culture dishes and grown to 80—90% 
confluency. For experiments, cells were incubated in phenol-red free DMEM 
supplemented with 1.5 mM L-arginine, 0.1 mg/ml BSA, 10|Llg/ml leupeptin and 
lOOU/ml penicillin/streptomycin with vehicle or drug added for 24 h. Nitrite in 
media was assayed by the method of Griess (4). 

Assay of cyclic GMP accumulation 

In experiments with IL-ip, cells were treated for 24 h with the cytokine, then 
ImM isobutylmethylxanthine (IBMX) was added to each plate 45 min before ter- 
minating the experiment. In experiments with an NO donor, the cells (after serum- 
free incubation) were treated for 1 5 min with 1 mM IBMX and then stimulated 
with 1 mM sodium nitroprusside (SNP) for 45 min. All experiments were termi- 
nated by aspiration of the media and addition of ice-cold 5% trichloroacetic acid 
(TCA). TCA extracts were extracted four times with water-saturated ether and the 
cGMP content was determined by RIA (5). 

Assay of cyclic AMP accumulation 

Cardiac fibroblasts were incubated with DMEM without serum for 2h and then 
treated as described in Results, after which the medium was aspirated and ice-cold 
5% TCA was added. The extracts were purified over Dowex-50 and the cyclic AMP 
content was determined by the method of Gilman (6). 

Adenylyl cyclase assay 

Membranes were prepared by Bounce homogenization of the cells (in 50 mM 
HEPES pH 7.6, 5mM MgC12, ImM EGTA, 0.3 mM PMSF, and 10|lg/ml leu- 
peptin). Membranes were collected by centrifugation (3000 Xg for 5 min) and sus- 




112 I. Cellular Processes Involved in Heart Dysfunction 



pended in homogenization buffer. 40|Ig of membrane protein was incubated 
with 1 mM SNP or vehicle on ice for 30 min and adenylyl cyclase activity was 
assayed by monitoring the conversion of [a-^^P]ATP to [^^P]cAMP at 30°C for 
lOmin (7). 

Reverse transcription-polymerase chain reaction 

Total RNA was prepared from isolated cardiac fibroblasts and ventricular tissue using 
Trizol (Gibco BRL) and subjected to RT-PCR using the SUPERSCRIPT Pre- 
amplification System (Gibco BRL). Specific sense and antisense oligonucleotide 
primers were used to detect expression of the different PDE transcripts (8). The 
samples were subjected to 35 cycles of 95°C for 1 min, 57°C for 1 min, and 72°C 
for 1 min, except for the primers for PDE3B where an annealing temperature of 
50°C was used. The products were separated by electrophoresis through a 1% agarose 
gel and visualized by UV Ught. 

Protein determination 

Protein content was estimated by the method of Bradford (9) using bovine serum 
albumin as a standard. 

Analysis of data 

Analysis and graphing of data were performed with Prism 2.0 (GraphPad Software, 
San Diego, CA). Data are expressed as mean ± SE. Statistical analysis was performed 
by Students t-test. P values < 0.05 were considered to indicate significance. 

RESULTS 
iNOS induction 

Among common cytokines, IL-lp alone stimulates iNOS induction and NO pro- 
duction by cardiac fibroblasts; the effect is potent (half maximally effective concen- 
tration, ~3ng/ml in a 24 hour assay of NO accumulation) and the production of 
NO is quite large (2). Indeed, in response to TNFa plus IFNy, iNOS induction 
and NO production are so large and persistent that cell death results. Since the 
NOS inhibitor, L-NAME, prevents cell death, the cells are apparently dying by some 
NOS-NO-dependent mechanism. From these studies, we conclude that cardiac 
fibroblasts, under the influence of cytokines, can become a significant source of NO 
and that NO may affect the viability of the fibroblast itself. Details of some of this 
work have been recently pubhshed (2,10). Flaving established that IL-lp repro- 
ducibly induced iNOS in these cells, we have studied the influence of the cyclic 
AMP pathway on iNOS induction. 

Eflfect of the cyclic AMP/PKA pathway on iNOS induction 

There are reports in the literature of both stimulation and inhibition of iNOS 
induction by cyclic AMP. In cardiac fibroblasts, the results are striking and clear: 
isoproterenol doubles iNOS induction and consequent NO production in response 
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Figure 1. Isoproterenol enhances NO production in IL-lp-stimulated adult rat cardiac fibroblasts. 
Cells were incubated with vehicle, Iso (10 pM) Iso, IL-lp (lOng/ml), IL-lp + Iso, and IL-lp + Iso + 
L-NAME (1 mM) for 24 h, then nitrite accumulation in the culture medium was measured. Effects of 
IL-lp and IL-lp + Iso are significant (P < 0.0001). Data are mean ± SEM, n = 4. Adapted from 
reference 2. 



to IL-ip (Figure 1 and reference 2). This effect can also be produced by dibutyryl 
cyclic AMP, forskolin and high concentrations of phosphodiesterase inhibitors. H- 
89, an inhibitor of PKA (the cyclic AMP-dependent protein kinase) blocks this 
enhanced induction of iNOS activity. The enhanced iNOS activity parallels an 
increase in iNOS protein and mirrors an increase in iNOS mRNA. Thus, we 
focused on whether the production or stability of the mRNA for iNOS was altered 
by p-adrenergic stimulation (cyclic AMP/PKA). Nuclear run-on experiments with 
nuclei isolated from control and isoproterenol-treated fibroblasts show no difference 
in message production (Figure 2). However, experiments on IL-ip-induced cells 
in which message half-life was assessed indicate that isoproterenol causes nearly a 
doubling of the half-life of iNOS mRNA, from Ihr to 1.9 hr (Figure 3). This 
alteration is sufficient to account for the observed increase in iNOS protein and 
NO production (2). 

Effect of NO on cyclic AMP production 

Following induction of iNOS by IL-lp treatment (lOng/ml, 24 hours), accumula- 
tion of cyclic AMP in response to isoproterenol and forskolin is roughly halved 
(Figure 4). Addition of the NOS inhibitor L-NMMA fully restores the cyclic AMP 
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Figure 2. Effects of isoproterenol on iNOS gene transcription. 

Cardiac fibroblasts were treated with diluent, 10 pM Iso, lOng/ml IL-lp, or Iso + IL-ip. After 20 h, 
nuclei were prepared and subjected to nuclear run-off assay. The data from the nuclear run-off experi- 
ments were quantified and iNOS signals were normahzed to ^actin signals, this unidess ratio being 
termed the “transcription rate” (ordinate). IL-ip treatment stimulated transcription of the iNOS gene; 
Iso did not significantly enhance the rate of transcription in IL-ip-stimulated fibroblasts (n = 3, 

P > 0.5). Adapted from reference 2. 



response, indicating that the observed decrease results from enzymatically produced 
NO. We reproduced these effects of iNOS induction pharmacologically by short- 
term (45 min) treatment of cells with NO donors [sodium nitro prusside (SNP) and 
S-nitroso-N-acetyl penicillamine (SNAP)]. Subsequent experiments use this phar- 
macologic mimicry of iNOS induction. 

These are a number of testable pathways by which NO could modulate cyclic 
AMP production (Figure 5): direct effects of NO on components of hormonally- 
responsive adenylyl cyclase; actions of NO mediated by cyclic GMP; actions of cyclic 
GMP mediated by PKG (cyclic GMP-dependent protein kinase) or by the cyclic 
GMP-stimulated cyclic nucleotide phosphodisterase (PDE2). 

With respect to direct inhibitory effects of NO on adenylyl cyclase, we find that 
the lowering of cAMP accumulation by NO is readily and rapidly reversible (t-^ ~ 

5 min), suggesting that long-lived covalent interactions are probably not involved and 
that reversible interactions such as those with heme groups may account for the 
effect. Experiments with pertussis toxin show that the inhibitory actions of NO are 
not mediated by activation of the Gj pathway. 

Recent studies (11,12) indicate that NO interacts directly to inhibit isoforms 5 and 

6 of adenylyl cyclase (ACS and AC6). Using the same protocol employed by McVey 
et al. (12), we find only a slight (12%) inhibition of AC activity in cardiac fibroblast 
membranes, an effect that we believe is too small to account for our observations 
in whole cells. To the extent that the effect of NO described by McVey 
et al. (12) is diagnostic of the presence at ACS and AC6, we conclude that ACS and 
AC6 are minor contributors to cyclic AMP production by rat cardiac fibroblasts. 
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Figure 3. Isoproterenol stabilizes iNOS mRNA in IL-lp-stimulated cardiac fibroblasts. 

Cells were stimulated (24 h) with IL-lp (lOng/ml) or IL-lp + Iso (lOjiM), then 5,6-dichloro-l-p- 
ribofuranosylbenzimidazole (DRB, 65 pM) was added and total RNA was extracted at the indicated 
times after the administration of DP^. Northern analyses were performed (top panel is representa- 
tive). Band densities of iNOS mRNA were normahzed to GAPDH mRNA values and plotted as a 
percentage of zero time values (bottom panel). iNOS mRNA half-hves are l.Oh for IL-lp and 1.9 h 
for IL-ip Iso; the effect of isoproterenol is significant, P < 0.05. Each data point represents the mean 
± S.E. of three independent experiments. Adapted from reference 2. 



Our data indicate that the lowering of cyclic AMP accumulation by NO is medi- 
ated by cyclic GMP: NO donors increase cyclic GMP content (Figure 6A), 
10|lM ODQ (an inhibitor of the soluble guanylyl cyclase) inhibits cyclic GMP pro- 
duction and restores hormone-sensitive cyclic AMP production (Figure 6B). Even 
though many effects of cyclic GMP are mediated by PKG, the PKG inhibitor KT5823 
(at 1 |liM) has no effect on the action of NO to reduce cyclic AMP accumulation. 
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Figure 4. IL-lp treatment inhibits cyclic AMP accumulation. 

Cardiac fibroblasts were treated with IL-ip (lOng/ml, 24 h) and then stimulated for 5 min with 1 jxM 
isoproterenol and the cAMP content determined. IL-ip treatment significantly decreases cAMP 
accumulation in response to isoproterenol (P < 0.01, n = 4). L-NMMA (1 mM) completely restores 
isoproterenol-stimulated cAMP accumulation. Data are mean ± SE, n = 3. Additional supportive 
data appear in reference 2. 
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Figure 5. Testable mechanisms by which IL-ip, iNOS and NO could affect cyclic AMP 
accumulation. 

Black lines indicate pathways involved in NO action in cardiac fibroblasts. Gray lines are pathways 
tested and found not to explain the actions of NO. Dashed lines indicate sites of action of pharmaco- 
logic inhibitors used diagnostically in our experiments. 
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Figure 6. Effects of NO are mediated via the soluble guanylyl cyclase. 

Top panel: Cardiac fibroblasts were incubated with or without 10p,M ODQ, an inhibitor of the 
soluble guanylyl cyclase, for 1 h, then stimulated with 1 mM SNP for 45 min and the cGMP content 
determined. SNP treatment significantly stimulated cGMP accumulation over control (^, P < 0.001); 
ODQ inhibited SNP-stimulated cGMP accumulation. Bottom panel: Following treatments with 
ODQ (lOfiM) and SNP (ImM), as above, cells were stimulated with 1 |lM isoproterenol for 5 min 
and the cAMP content was determined. ODQ completely restored the (3-adrenergic response in 
SNP-treated fibroblasts vs. **, P < 0.001). Data are mean ± SE, n = 3; see reference 3 for details. 
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Figure 7. PDE2 inhibitor restores isoproterenol-stimulated cAMP accumulation in SNP-treated 
cardiac fibroblasts. 

Cardiac fibroblasts were incubated with diluent (top left), or 0.2 mM EHNA, a PDE2-specific 
inhibitor (top right), for 15 min prior to SNP treatment (1 mM, 45 min), after which cells were 
stimulated with 1 pM isoproterenol for 5 min and the cAMP content determined. Data are mean 
± SE, n = 3; see reference 10. Bottom panel: RT-PCR data from cardiac fibroblasts using primers 
for common PDE isoforms. 



Thus, we turned our attention to the remaining pathway, the cyclic nucleotide 
phosphodiesterase activity that cyclic GMP stimulates (see scheme. Figure 5). 

When NO donors are added to cells to reduce cyclic AMP accumulation, 
addition of the non-specific PDE inhibitor IBMX (1 mM) fully restores the (3- 
adrenergic response (Figure 7A). Furthermore, addition of the specific inhibitor of 
PDE2, EHNA, Hkewise restores cAMP accumulation (Figure 7B), whereas inhibitors 
of PDEs 1, 3, and 4 (vinpocetine, milrinone, rolipram) do not (see reference 10). 
RT-PCR analysis confirms that rat cardiac fibroblasts express PDE2A, a cGMP- 
stimulated form (Figure 7C). 
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Figure 8. Relative efficacies of PDE inhibitors compared to IBMX. 

Monolayer cultures were incubated with diluent, 1 mM IBMX, 200 pM EHNA, or lOpM roHpram 
for 1 5 min, stimulated with 1 pM isoproterenol for 5 min and then the c AMP content was deter- 
mined. The whole circle represents cAMP accumulation in response to Iso + 1 mM IBMX. Relative 
to IBMX, accumulation to Iso + milrinone =1%, Iso + EHNA = 8% and to Iso + rolipram = 62%. 
Data are mean of 3-4 repHcate experiments. 



The effect of ImM IBMX is large — -a 26-fold increase in cAMP accumulation 
in response to isoproterenol — demonstrating the presence of abundant PDE activ- 
ity in the fibroblasts. The PDE2 inhibitor EHNA increases isoproterenol-stimulated 
cyclic AMP levels about 2-fold, demonstrating the presence of basal PDE2 activity 
even in cells in which cGMP has not been elevated. Using fully effective concen- 
trations of isoform specific PDE inhibitors (13-16) and comparing their effects to 
that of ImM IBMX (a non-specific inhibitor), we have tried to judge the relative 
contributions of PDE isoforms to cychc AMP metabolism. PDE2 appears to be a 
minor player. PDE4, the cyclic AMP-specific PDE, seems to be the main isoform 
of PDE involved in cyclic AMP metabolism in cardiac fibroblasts. Indeed, lOgM 
rolipram, a PDE4 specific inhibitor, increases isoproterenol-stimulated cyclic AMP 
accumulation to 62% of the maximal accumulation observed in the presence of 
1 mM IBMX (Figure 8) . To the extent that we may rely on the fuU efficacy and 
specificity of these inhibitors, these data suggest that cyclic AMP metabolism is 
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additionally regulated by another, as yet unidentified, isoform of PDE, since a major 
portion (~30%) of the cyclic AMP accumulation in the presence of 1 mM IBMX 
cannot be accounted for with any of the isoform-specific PDE inhibitors that we 
employed. 

DISCUSSION 

The maximal capacity of cardiac fibroblasts to destroy cyclic AMP is very large. The 
evidence for this is the 26-fold enhancement in the cyclic AMP response by a 
maximally effective concentration of the PDE inhibitor IBMX. This result does not 
imply that the fibroblast s moment to moment metabolism of cyclic AMP exceeds 
the synthesis of cyclic AMP. First, the affinities of these PDEs vary widely, ranging 
from 0.2 to ISOpM (13—16). Thus, it is possible to accumulate modest levels of 
cAMP and not be near saturating these isoforms of PDE. In addition, the PDEs 
themselves are regulated and are not running at maximal capacity except under 
certain conditions (Ca^'^/CaM, cGMP, phosphorylation, etc.). The efficacy of iso- 
proterenol in the absence of IBMX suggests that the activities of adenylyl cyclases 
and PDEs are separated in time and space and that the capacity of the stimulated 
adenylyl cyclases is sufficient to allow small accumulations of cycHc AMP (4-10 
fold), probably more than enough to ehcit maximal physiological responses. 

Another inference from the effect of IBMX is that in the absence of a PDE 
inhibitor most of the cyclic AMP that the fibroblasts produce is destroyed. From 
the 26-fold enhancement of the p-adrenergic response by IBMX, we estimate that 
96% of the cyclic AMP in isoproterenol-stimulated fibroblasts is normally destroyed 
and converted to 5'-AMP in the absence of IBMX. Thus, there is a flux of cyclic 
AMP 5'-AMP and this 5'-AMP could be active as an intracellular messenger, 
itself, causing, for instance, activation of the AMP-activated kinase (AMPK). AMPK 
is present in cardiac tissue and is activated during ischemia (17), with an EC 50 for 
AMP of 20|iM (18). Our estimations suggest that hormonal activation of adenylyl 
cyclase in cardiac fibroblasts could cause AMPK activation. Since fibroblasts accu- 
mulate about 1250pmol cAMP/mg of protein in the presence of IBMX, let us 
assume that the cells could maximally produce that amount of 5'-AMP from cyclic 
AMP in the absence of a PDE inhibitor during a short burst of adenylyl cyclase 
stimulation. Further, let us assume that the cell is about 10% protein and 70% water; 
thus, 1250pmol/mg protein ~ 1250pmol/7mg water ~ ISOpmol/pl or about 
180pM of 5'- AMP could be achieved during a maximal cyclic AMP response, 
assuming that the cyclic AMP and 5'-AMP are distributed uniformly in total cell 
water. Surely, cellular 5'- AMP is, itself, not metabolicaUy stable. Nevertheless, half- 
maximal activation of AMPK would require that only about 1 0% of the cyclic AMP 
be converted and preserved as AMP. 

This analysis, albeit overly simplified, suggests that there is abundant AMP pro- 
duced whenever cyclic AMP synthesis is active, and that cyclic AMP degradation 
could be a source of AMP that could activate AMPK. While it is not clear exactly 
what AMPK accomplishes in these cells, AMPK can phosphorylate eNOS and seems 
to be activated as a part of a stress response to ischemia and hypoxia (17). The idea 
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that the adenylyl cyclase-cyclic AMP-PDE pathway represents an hormonal way of 
activating AMPK has not been much considered in the literature. Such a scheme 
could provide a novel mechanism for PKA-independent effects of cyclic AMP 

While our analysis indicates that the PDE2 isoform largely accounts for the effects 
of NO on cyclic AMP metabolism, PDE2 is a small component of the total PDE 
activity in cardiac fibroblasts. In these cells, PDE4 is largely responsible for cyclic 
AMP degradation: rolipram produces a large increase in isoproterenol-stimulated 
cAMP accumulation (to 62% of that with 1 mM IBMX). Inhibition of PDE 1 (for 
which no mRNA is detected) and PDE5 does not enhance the response to iso- 
proterenol; inhibition of PDE3 with milrinone increases the isoproterenol response 
only slightly (~25%). The pie chart (Figure 8) attempts to summarize these data and 
to point out that a PDE isoform(s) sensitive to IBMX and that is not PDEs 1-5 
may account for about 30% of IBMX-sensitive PDE activity in these cells. PDE7, 
exhibiting a high affinity for cyclic AMP (0.2 pM), low affinity for IBMX and for 
which no specific inhibitors are yet available, is found in the heart and is insensi- 
tive to rolipram (18,19), as required by the putative, unknown fibroblast isoform. It 
is also possible, of course, that lack of specificity and full efficacy of the isoform- 
specific PDE inhibitors that we employed (Figure 8) could contribute to such a 
result. 

How this distribution of PDE activities changes when cyclic GMP is elevated 
following NO production is difficult to quantify, since cyclic GMP is both an acti- 
vator and, at higher concentrations, a competitive substrate for PDE2 (13). Under 
the conditions of our experiments, PDE2 is activated by NO/cyclic GMP by 
roughly 2-fold; thus, PDE2 becomes a larger fractional player in the presence of 
NO. Simultaneously, PDE3 is inhibited by cyclic GMP and its influence decreases. 
Clearly, PDE4 continues to be the dominant hydrolyzer of cyclic AMP. However, 
since PDE activities, like adenylyl cyclases and protein kinases, can be confined to 
discrete subceUular regions in cardiac cells (20), the shift toward PDE2 and away 
from PDE3 when NO production is elevated could have profound local effects 
within the cell. 

We may compare these data from adult rat cardiac fibroblasts with similar data 
from adult rat ventricular myocytes. In assaying HPLC-resolved PDE activities, we 
found essentially no PDEl activity in myocytes (Sprague-Dawley), where PDE2, 3 
and 4 predominate (21). Measuring cyclic AMP-sensitive Ua in adult ventricular 
myocytes (Wistar), Verde and colleagues (22) found essentially no effect of a PDEl 
inhibitor (8-methoxymethyl-3-isobutyl-l-methylxanthine) and concluded that 
PDE4 and PDE3 activities predominate with PDE2 being a modest contributor. 
Thus, both fibroblasts and myocytes exhibit prominent PDE4 activity, but lack 
significant PDEl activity. Yet extracts of whole ventricle display a prominent 
Ca^/calmodulin-dependent PDE activity (PDEl) (21). This suggests that PDEl is 
expressed in endothelial or smooth muscle cells and that perturbations that would 
selectively modulate PDEl would not alter cyclic AMP-dependent events in 
myocytes and fibroblasts. As our knowledge increases of the cyclic nucleotide- 
regulated functions of the non-myocyte/ non-fibroblast component of heart tissue 
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(presumably endothelial and smooth muscle cells), the capability to selectively alter 
a major PDE isoform in this cellular compartment of the heart may become 
experimentally or even therapeutically useful. 

In conclusion, we have demonstrated that cardiac fibroblasts can produce large 
quantities of NO as a consequence of the induction of iNOS by cytokines, an 
induction that the cyclic AMP/PKA pathway enhances by causing stabilization of 
iNOS message. The resulting NO depresses cyclic AMP accumulation. The mech- 
anism of this effect does not involve inhibition of adenylyl cyclase by NO; rather, 
the effect depends on the stimulation of the soluble guanylyl cyclase by NO, is inde- 
pendent of the stimulation of PKG by the resultant cyclic GMP, and occurs via the 
stimulation of PDE2 by the elevated cyclic GMP. The data also indicate that cyclic 
AMP metabolism in cardiac fibroblasts is dominated by PDE4 and by an unknown 
PDE, possibly PDE7, and that PDEl activity is lacking in these cells. Further, the 
action of PDEs could supply large quantities of AMP and activate AMPK, giving 
rise to cyclic AMP-dependent but PKA-independent protein phosphorylation. 
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Summary. Physical forces are the most basic and non-specific forces to which living organ- 
isms were exposed during evolution, whereas humoral effectors developed in more complex 
organisms. We tested the hypothesis that both adrenergic (humoral) and hypergravity 
(mechanical) stimulation may share common signal transduction pathways. Mechanical 
loading remains the most critical effector in the development of cardiac hypertrophy, while 
hypergravity is currently used to train aircraft and space crews and may lead to aberrations 
in cardiac function. In this study, we used cultured cardiomyoctes submitted to 10 min hyper- 
gravity or to adrenostimulation. Specific inhibitors of adrenoreceptors and of protein kinases 
were used to identify cell reactivity. The mRNA of c-fos and creatine kinase isoenzymes was 
determined by Northern blot. We showed that with respect to c-fos induction, although both 
effectors are initiated at different transduction levels, apparently share a common transduc- 
tion pathway — Protein kinase C — but in reality they are transduced via different isoenzymes 
of the PKC complex. Creatine kinase is expressed through two independent pathways. We 
suggest that studying the opposite effects of hypo- and hypergravity could add new insights 
into how cells sense mechanical stimulation that might lead to identification of the cellular 
messengers participating in the mechanosensitive pathways. 

Key words: Adrenostimulation, cardiomyocytes, gene expression, hypergravity, signal 
transduction. 

INTRODUCTION 

Cardiac hypertrophy is a response to an elevated work load on the heart, which 
is expressed as an increase in cardiomyocyte size (1). However, hypertrophy is 
not the result of mechanical overload alone, but is also associated with complex 
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interactions between mechanical stress and release of neurotransmitters and 
hormones. 

Already in 1982, Simpson et al. (2) showed that adrenostimulation induced hyper- 
trophy in cultured cardiomyocytes mediated via the tti -adrenoreceptor (3). Rupp et 
al. (4) showed a reprogramming of myosin by p-adrenostimulation, while Hannan 
et al. (5) found that both a- and p-receptors increased the levels of various tran- 
scriptional factors, including phosphoprotein UBF and ribosomal DNA. 

Using the so-called “redifferentiated” adult cardiomyocytes, Pinson et al. (6) found 
that both a- and P-adrenostimulation increased cellular mass. However, only the tti- 
agonist phenylephrine increased uridine incorporation into total RNA and stimu- 
lated the expression of the CK-B isoform (“fetal shift”). 

Hypertrophy, however, is mainly mediated by physical forces, such as hemody- 
namic overload, which, at the level of the heart, is translated into stretching of the 
ventricular wall. Over 25 years ago, Peterson and Lesch (7) showed increased protein 
synthesis in response to stretching an isolated papillary muscle. In extensive research 
using cultured cardiomyocytes by Yazakis group (for reviews, see 8-10), it was found 
that stretching cultured cardiomyocytes increased cellular mass, induced transient 
expression of protooncogenes and activated a new gene expression program (“fetal 
shift”), which clearly plays an important role in the adaptation of the heart to chang- 
ing conditions. 

Gravity is one of the physical forces the heart works against (11). Hypergravity 
is currently used to train aircraft and space crews. In the framework of space 
research, the effects of hypogravity changes have been studied in in vivo and in vitro 
models, while, although hypergravity is part of the training program, much less atten- 
tion has been focused on it. However, serious transient and sometimes persistent 
cardiac dysrhythmias have been reported during such training (12). Frey et al. (13)' 
reported 15% and 27% increases in heart mass and mitochondrial volume, respec- 
tively, in hypergravity-exposed mice, while Tran et al. (9) did not find myocardial 
hypertrophy or transition in myosin isoforms in hypergravity-exposed rats. Surpris- 
ingly few studies have been published on the effect of hypergravity on mammalian 
cells. 

Kumei et al. (14) showed that hypergravity enhances the expression of the c-myc 
oncogene. De Groot et al. (15) found that EGF-induced expression of c-fos in 
human epidermal carcinoma cells is enhanced by hypergravity and decreased by 
microgravity and is affected by changes in the gravity conditions (16). In cultured 
osteoblastic cells, while PKC inhibition or exhaustion by phorbol esters completely 
repressed c-fos expression, it had no apparent effect on erg-1 expression (17). Hyper- 
gravity also stimulated inositol 1,4,5 triphosphate production and phosphorylation 
of a microtubule-associated protein (18). 

All the findings to date indicate that, like other physical forces, hypergravity acti- 
vates certain signal transduction pathways involved in growth. For this reason, we 
were interested in comparing the effects of hypergravity and adrenoreceptor stimu- 
lation on the expression of both early and late responding genes, and, in particular. 
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whether hypergravity and adrenostimulation utilize the same or distinct signal trans- 
duction pathways. 

MATERIALS AND METHODS 

Cultured ventricular myocytes were obtained as previously described (19). The 
final cell suspension was seeded on Thermanox coverslips, 25 mm in diameter placed 
into 6-well multidishes (Nunc, Denmark). The medium was changed on days 2 and 
4. Six h after the last medium change, the coverslips were transferred into sterile, 
covered plastic buckets (Weltplast, Holon, Israel) and kept overnight in serum-free 
Ml 99 medium (Biological Industries, Beit Haemek, Israel). 

Hypergravity . To prevent shear stress caused by whirlpool formation, the buckets 
containing the coverslips were fiUed with serum-free Ml 99, and were centrifuged 
for 10 min at 40 g. After exposure to hypergravity, the cells were maintained in an 
incubator at 37°C for various time periods. The control cells were not exposed to 
hypergravity, but were otherwise similarly treated. 

Total RNA and total protein synthesis were determined by adding 2pCi 
[^"^CJuridine or L[U-^'^C]phenylalanine (Amersham) to the medium before subject- 
ing the cells to hypergravity treatment for 10 min, and post-hypergravity incubation 
for 6h. The radioactivity of the TCA-insoluble fractions was determined as previ- 
ously described (6). 

RNA preparation and Northern blot analysis . Total RNA was extracted by 
TriReagent M.R.C. (Cincinnati, Ohio, USA) according to the manufacturer’s 
instructions. 

Total RNA (15 ng) was fractionated in 6.3% and 1.5% formaldehyde/agarose 
gels and transferred to Hybond N-membrane (Amersham) by the capillary blot 
procedure. 

cDNA was labeled by random oligonucleotide priming with adCTP 
(Amersham). The blots were hybridized overnight at 42°C (NE Blot kit. New 
England Bio Lab. MA USA). 

The membranes were washed and then autoradiographed with Fuji ILx film. The 
radioactivity of the membrane was quantified by phosphostimulated luminescence 
autoradiography using a Bas 1000 (Fujix) bio-imaging analyzer. Quantification was 
expressed in PSL which is a unit of radiation dose. It is proportional to standard 
units such as becquerel or dpm. When figures are given in a graphic presentation 
the mRNA was quantified by normalization using 18S rRNA labeling. 

c-fos was determined immediately on exposure to hypergravity (Omin) and then 
after 15, 30 and 60 min. 

Creatine kinase isoforms were determined at 3.6 and 22 h after hypergravity. 
Phenylephrine (Sigma, Israel) was added to the cells at a concentration of 10 gM. 
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Chelerytrine (Alomon Labs. Jerusalem Israel), a PKC inhibitor, was added to the 
cells at a concentration of 0.7 ^iM 30 min before application of hypergravity (20). 

H89 (Calbiochem), a PKA inhibitor, was added to the cells at a concentration of 
20|xM Ih before exposure to hypergravity (21). 

Go 6976 . a PKCa and p inhibitor was added to the cells at a concentration of 
2.3 nM (22). 

Calphostine . a Ca independent PKC inhibitor was added to the cells at a con- 
centration of 50 nM (22). 

TPA . a PKCa and PKCd4e stimulator was added at a concentration of lOng/ml. 

RESULTS 

To determine whether hypergravity, like other physical forces, affects protein syn- 
thesis in cardiomyocytes, we used [2- ’’^C] -uridine and L-[U-'^C] -phenylalanine as 
markers of total RNA and protein synthesis, respectively. In cells exposed to hyper- 
gravity for 10 min, followed by 6h incubation, the incorporation of uridine was 
increased by 93% and of phenylalanine into TCA-insoluble proteins by 42%, as com- 
pared to controls (Figure 1). 

The subsequent figures show representative data of one out of 3-to-5 experi- 
ments, all of which presented similar results. 

To further probe the effect of hypergravity on the expression of specific genes, 
we chose c-fos as a typical early oncogene and creatine phosphokinase isoforms (CK- 
M and -B) as examples of late gene expression. 




Figure 1. [U-''^C] Phenylalanine and [2-'^C]Uridine incorporation into TCA-insoluble fractions for 
6h following hypergravity stress. Uridine incorporation increased by 93% ± 24 and phenylalanine by 
42.6% ± 16.4 (n = 7). Control Hypergravity IZZ 
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Figure 2. Expression of c-fos and effect of Chelerytrine in cells exposed to hypergravity. 

Chelerytrine (0.7M), a PKC inhibitor, was added to M199 medium immediately before hypergravity. 
A and B — Controls; C, E and G — 15, 30 and 60 min after hypergravity, respectively (without 
Chelerytrine). D, F and H are 15, 30 and 60 min after hypergravity with Chelerytrine. D and F 
showed 30% decreased expression as compared to C and E. Upper panel, Etbr staining of RNA. 



The expression of c-fos (Figure 2) was undetectable in both control (untreated) 
cells or in cells immediately after exposure to 10 min hypergravity (lanes A and B), 
but was clearly expressed at 15 and 30 min after hypergravity exposure (lanes C and 
E), becoming undetectable again after 60 min (lane G). 

Addition of the PKC inhibitor chelerytrine (0.7 pM) to the culture medium led 
to a 30% inhibition of c-fos expression (Figure 2). The PKA inhibitor H89 did not 
affect c-fos expression (not shown). 

Of the various adrenoagonists (Figure 3), only the tti-adrenoreceptor agonist 
phenylephrine markedly stimulated c-fos expression. Various tt 2 , (3 and p 2 agonists had 
little or no effect. 

With concomitant application of hypergravity and phenylephrine the increase of 
r-fos expression was additive (Figure 4). The -adrenoreceptor antagonist prazosine 
inhibited exclusively the phenylephrine stimulatory effect, whereas the PKC 
inhibitor chelerytrine (Figures 2 and 4) blocked c-fos induction by both, phenyle- 
phrine and hypergravity. Taken together, these findings indicate that while hyper- 
gravity and phenylephrine are not mediated via the same receptor, they share a 
common signal transduction pathway. 

Five-day-old cultured cardiomyocytes are differentiated cells in which both CK 
isoforms are expressed with predominance of the M-isoform. Hypergravity expo- 
sure for 10 min increased the expression of both CK isoforms (Figure 5). The CKB 
isoform increased by 75% and 190% after 6 and 24 h, respectively, while CKM 
only increased by 25% after 24 h. To determine which protein kinase plays a central 
role in the signal transduction pathway induced by hypergravity stimulation, the 
cells were treated with either chelerytrine or H89, the respective inhibitors of 





Figure 3. Effect of various types of adrenostimulation for 30 min on c-fos expression. The blots were 
quantified by phospholuminescence scanning using control hybridization with 18S RNA. 

CRTL — Control; PE — Phenylephrine (al -agonist); AMINO — p Aminoclonidine (a2-agonist); 

ISO — isoproterenol (P-agonist); SALB — Salbutamol (P2-agonist). Chelery trine inhibited c-fos expression 
by PE (not shown). 



800 
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Figure 4. Combined effect of hypergravity and Phenylephrine on c-fos expression (with or without 
a 1 -receptor inhibitor). 

Blots were quantified as in Figure 3. PE — Phenylephrine; Gz — hypergravity; PRAZ — Prazosine 
(a 1 -antagonist). 
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Figure 5. Effect of hypergravity on CK isoenzyme expression 3, 6 and 24 h following 10 min hyper- 
gravity. (Quantification as in Figure 3). 




Figure 6. Effect of H89, a PKA inhibitor, on CK isoenzyme expression. 

H89 (20|iM) was added before hypergravity. 6a) A — control cells (not exposed to hypergravity). 

B — control cells treated 24 h with H-89 (not exposed to hypergravity); C — CK-M expression 22 h 
after hypergravity; D and E — H-89 treated cells 10 and 22 h after hypergravity, respectively. H89 
inhibited CK expression by 7% in controls (B) and by 55% 22 h after hypergravity (E). 6b) A, B, C, D 
and E as in 6a). CK-B was inhibited by 66% in controls (B) and by 86% 22 h after hypergravity (E). 



PKC and PKA. As shown in Figure 6, in cells incubated with H89 and exposed to 
hypergravity, both CK isozymes, but predominantly CKB (Figure 6), whereas chel- 
erytrine had no inhibitory effect on either isozyme. These findings indicate that 
during hypergravity stimulation, CK signaling expression is transduced through 
PKA. 
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Figfure 7. Combined effect of phenylephrine, Chelerv tnne and Prazosine for 24 h on CK M and CK 
B expression (quantification as in Figure 3). 

Phenylephrine, as shown in Figure 7, also stimulated the expression of both iso- 
forms with predominance of the B-isoform. After 24 h of incubation, CKB was 
increased by 75% and CKM by 25%. Both prazosine and chelerytrine inhibited the 
phenylephrine effect, indicating that PE stimulates CK expression via a completely 
different transducer/transduction pathway than that induced by hypergravity. 

The question of whether adrenostimulation and hypergravity use the same or 
different PKC isoenzymes, was studied by specific inhibitors. Figure 8 shows that 
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Figure 8. Effect of Calphostine and of Go 6976 on stimulation of c-fos expression by phenylephrine 
(PE) or by phorbol ester (TPA). 

A — control; B — PE; C — calphostine + PE; D — Go + PE; E — TPA; F-calphostine + TPA; G — Go + TPA. 
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calphostine, which inhibits the activity of the Ca-independent isoenzymes, totally 
inhibited c-fos expression mediated by adrenostimulation but not that mediated via 
TPA. 

DISCUSSION 

Physical factors are the most primary and non-specific forces to which microor- 
ganisms and multicellular organisms were exposed during evolution. This implies 
that mechano— transducers and mechanogenic signal transduction mechanisms were 
the first to develop in primitive organisms. With the emergence of more complex 
organisms, paracrine and autocrine factors became essential for the transmission of 
information. Thus certain mechanogenic informational pathways could have been 
adapted for this purpose (23). Indeed, mechanical loading remains the most effec- 
tive stimulus for trophic and hypertrophic responses in living organisms. It is the 
most critical factor in cardiac hypertrophy, in which the heart works against 
mechanical forces, including gravity (11,23). 

This study raised the question of whether humoral effectors such as adreno-stim- 
ulation and physical forces such as hypergravity share the same signal transduction 
pathways. After showing that hypergravity promotes cell growth as it increases total 
RNA and protein neosynthesis, we chose to study c-fos, as member of the imme- 
diate early response genes, and the CK isozymes, as representatives of the adapta- 
tional expression of cardiac specific genes. Both the tti-adrenoreceptor agonist and 
hypergravity stimulated c-fos expression via PKC, since inhibition of this enzyme by 
chelerytrine reduced the effect of both stimuli. However, inhibition of the a^- 
adrenoreceptor by prazosine had no effect on the stimulation of c-fos expression by 
mechanical force. These findings indicate that, although initiated by different trans- 
ducers, both effectors share a common signal transduction pathway. It may well be, 
however, that mechano- and adreno- stimulation are mediated via either different 
PKC subfamilies or the selective activation of various compartmentalized PKC 
pools. PKC is a complex isoenzyme system. Four PKC isoenzymes are expressed 
in neonatal cardiomyocytes: the a-isoenzyme which is Ca-dependent, and the e-, 
5-, and ^-isoenzymes, which are Ca-independent. We clearly show that calphostine, 
which inhibits the activity of Ca-independent isoenzymes, also totally inhibited c- 
fos expression mediated by adreno-stimulation, but not that mediated via hyper- 
gravity or TPA. At this stage preliminary findings would suggest that c-fos expression 
by hypergravity is mediated via the PKCa isoenzyme. This might explain how 
various effectors utilize an apparently universal pathway while each of them is asso- 
ciated with specific phosphorylation events. 

Gene expression reprogramming in the heart in response to hemodynamic over- 
load is characterized by a reexpression of protein isoforms to a pattern usually 
expressed in the fetal heart, known as the “fetal shift” (1). 

Stretching (8,10) or adrenostimulation (3,6,24) of cultured ventricular myocytes 
induced the reexpression of skeletal a-actin, ANF, P-MHC and CKB isoforms. 

Phenylephrine stimulated both CKB and CKM expression, with predominance 
of the CKB isoform. This stimulation, mediated by ai-adrenoreceptors, is trans- 
duced through PKC. Hypergravity also stimulated expression of both CK isozymes 
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with predominance of the CKB isoform; however, this mechanostimulation was 
transduced via PKA, as shown by the inhibitory effect of H89. This signal trans- 
duction pathway was not affected by the inhibition of the phenylephrine pathway 
Taken together, our data show that, in the case of CK, these tt] adrenoreceptor 
stimulation and stimulation by hypergravity are mediated via completely separate 
pathways. 

In this paper, we have shown that cells exposed to hypergravity for 10 min under- 
went, at least during the subsequent 24 h, a “fetal” reprogramming of CK isoforms. 
In view of the higher substrate affinity of the B-isoform (25), this may be inter- 
preted as an adaptational response to increase the efficiency of the CK-ATP shuttle 
in cells undergoing hypertrophic stimulation. 

The way how cells sense mechanical forces is still unclear. It is very unlikely that 
primitive organisms had specialized receptors when they were first exposed to 
mechanical forces. Several researchers proposed that the signal for mechanical stimu- 
lation may be mediated via deformation of the extracellular matrix and the 
cytoskeleton (26), or by mechanosensitive ion channel activation, which does not 
however, induce reprogramming of gene expression (27,28). Anyhow, a clear mech- 
anism for such an effect has not been demonstrated. Indeed, any “positive” mechani- 
cal force (23), including hypertension, stretching, shear forces, osmolarity and 
viscosity, may initiate the release of a cascade of signaling compounds leading to 
cellular trophic or hypertrophic events via a mechanotransducing system. Anyhow, 
the nature and size of these mechanical deformations are certainly not similar and 
inhibitors of mechanical forces have not been found. 

Hyper- and hypogravity were shown to be the only mechanical effectors acting 
in opposite directions: hypergravity as a stimulating effector and hypogravity as an 
inhibitory one (16). In this respect, the answer to the question of how cells sense 
mechanical forces may possibly be resolved by this fact, and since hypogravity is also 
deformative (29,30). Ingber (31) adapted the architectural principle of tensegrity 
(tensional integrity) as reflecting the cytoskeleton structure to explain how locally 
applied mechanical forces are integrated into a whole-cell response. This occurs via 
transmembrane adhesion receptors, such as integrms, anchored to the extracellular 
matrix, and are connected to the cytoskeleton network or to other cells. As such, 
integrins would function as receptors for mechanical stimulations. This interesting 
model might not only explain how mechanical forces are sensed, but may also 
suggest an explanation for the opposite directions in cellular response to hyper- 
versus hypo-gravity, or for example atrophy versus hypertrophy. 

In conclusion, although adrenostimulation and hypergravity stimulation are initi- 
ated respectively via sarcolemmal receptors or an unknown mechanism, we have 
shown that with respect to early oncogene expression, they apparently share the 
same signal transduction pathway but in reality are transduced via different isoen- 
zymes. As for the expression of the late protein CK, the signal transduction path- 
ways are completely separate. 

The question of how cells sense mechanical forces — tensegrity — and the nature 
of the second messengers of the mechanosensitive pathways is still unresolved. 
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In our view, research comparing the events of hypo- and hypergravity could 
provide new insights into this problem. 
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Summary, Endothelin-1 (ET-1) and the muscarinic agonist carbachol do not affect the basal 
force of contraction, but induce a pronounced negative inotropic effect in the presence of 
p-adrenoceptor stimulation in the canine ventricular myocardium. We studied the influence 
of the phosphatase inhibitor cantharidin on the negative inotropic effect of ET-1 and carba- 
chol in isolated canine right ventricular trabeculae and single ventricular myocytes. In the 
presence of lOOnM norepinephrine (NE), lOnM ET-1 and 30 nM carbachol induced a neg- 
ative inotropic effect of an identical extent. Cantharidin at lOpM did not affect the basal 
force of contraction and the positive inotropic effect of NE mediated by p-adrenoceptor 
stimulation. Cantharidin (10 pM) markedly attenuated the negative inotropic effect of ET-1, 
but it did not affect the negative inotropic effect of carbachol. At 30 pM, cantharidin induced 
a positive inotropic effect and enhanced the positive inotropic effect of NE. Cantharidin 
(30 pM) suppressed significantly the negative inotropic effect of carbachol (30 nM and 100 
nM). In canine single ventricular myocytes, ET-1 (10 nM) or carbachol (30 nM) did not affect 
the baseline level of cell shortening and the amplitude of intracellular Ca^"^ transients, while 
they inhibited the NE (30 nM)-induced increases in cell shortening and Ca^"^ transients. Can- 
tharidin (10 pM) attenuated the inhibitory action of ET-1, but did not affect the effects of 
carbachol in the presence of NE. These results indicate that the activation of phosphatase 
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that is susceptible to cantharidin is involved in the negative inotropic effect of both ET-1 
and carbachol. The extent of contribution of phosphatase activation appears to be greater in 
the ET-1 -induced negative inotropic effect than in the effect of the muscarinic receptor 
agonist carbachol in the canine ventricular myocardium. 

Key words: Cantharidin, Endothehn-1, Carbachol, Ventricular contractility, Ca“^ transient. 



In mammalian ventricular myocardium, muscarinic cholinergic receptor agonists do 
not affect the basal force of contraction, but elicit a pronounced negative inotropic 
effect when they are applied during induction of the positive inotropic effect by acti- 
vation of p-adrenoceptors. This phenomenon has been termed the anti-adrenergic 
effect, indirect inhibitory action of muscarinic receptor agonists or “accentuated 
antagonism” (1), for which suppression of cyclic AMP-mediated signaling through 
the activation of pertussis toxin-sensitive proteins may be responsible (1-3). While 
a decrease in P-adrenoceptor-mediated cyclic AMP generation via activation of G, 
proteins subsequent to stimulation of muscarinic receptors may play a crucial role in 
“accentuated antagonism”, it has recently been reported that the muscarinic recep- 
tor stimulation may counteract directly the effect of PKA activation and/or elicit acti- 
vation of protein phosphatases (4). In vitro biochemical studies show that muscarinic 
agonists such as ACh and carbachol produce stimulation of protein phosphatase activ- 
ity by inhibition of protein phosphatase inhibitor- 1 and dephosphorylate a variety of 
functional proteins that have been phosphorylated by activation of PKA subsequent 
to p-adrenoceptor-mediated cyclic AMP accumulation (5-8). These findings in vitro 
could explain the anti-adrenergic effects of muscarinic stimulation that are not accom- 
panied by a concomitant decrease in cyclic AMP levels or in PKA activation (6,7). 
Actually, Narayan and coworkers have recently shown that the phosphatase inhibitor 
cantharidin blocks the anti-adrenergic effect of adenosine Ai receptor stimulation in 
rat cardiac myocytes (9). 

Endothelin-1 (ET-1), 21 -amino acid peptide originally isolated from vascular 
endothelium, has a potent vasoconstrictor effect and a variety of direct effects on 
the myocardium (10). ET-1 has a positive inotropic effect in most mammalian 
species, including rat, guinea pig, ferret, rabbit and human, does not have any 
inotropic effect in the dog (11,12), and has a negative inotropic effect in mouse (13) 
and neonatal rat ventricular myocytes (14). ET-1 interacts with cardiac signaling 
systems that act not only via Gq but also G,/o proteins (15,16), so as to elicit a pos- 
itive inotropic effect or negative inotropic effect depending on species of experi- 
mental animals and experimental conditions. 

In the canine ventricular myocardium, ET-1 alone does not produce a direct 
inotropic effect (11,17), but induces a negative inotropic effect (18-21) that is 
associated with a decrease in L-type Ca""^ currents (17,22) in the presence of P- 
adrenoceptor stimulation. The negative inotropic effect of ET-1 is susceptible to 
pertussis toxin, but the signaling process downstream to activation of the pertussis 
toxin-sensitive proteins remains unclear. 
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It has recently been shown in canine and human ventricular muscle that the 
negative inotropic effect of ET-1 is not accompanied by a significant reduction in 
accumulation of cyclic AMP (19,23) and that the nitric oxide (NO)-mediated sig- 
naling pathway may not be involved in the regulation (18). ET-1 inhibits the 
increase in L-type Ca^'*' currents induced by 8-bromo-cyclic AMP in mammaHan 
ventricular myocytes (24,25). It appears therefore highly likely that the signaling 
process subsequent to generation of cyclic AMP is involved in the ET-1 -induced 
negative inotropic effect. 

The purpose of the present study was to examine whether the phosphatase 
inhibitor cantharidin blocks the inhibitory action of ET-1 and carbachol on con- 
tractility and intracellular Ca^"^ signaling in the presence of norepinephrine (NE) in 
the canine ventricular myocardium. 

METHODS 

The study involving treatment of experimental animals was carried out in 
accordance with Guide for Animal Experimentation, Yamagata University School of 
Medicine and Japanese Governmental Law (No. 105). The approval for the animal 
experiments was obtained from the Committee for Animal Experimentation, 
Yamagata University School of Medicine prior to the experiments, and the study 
was carried out also in accordance with the Declaration of Helsinki. Mongrel dogs 
(7-1 0 kg) of either sex were used in these experiments. Preparation of canine ven- 
tricular trabeculae, isolation of canine ventricular myocytes and loading of myocytes 
with indo-l/AM will be briefly described in this section, which has been described 
elsewhere in more detail (19,26). 

Preparation of isolated right ventricular trabeculae 

Two to four ventricular trabeculae were excised from canine right ventricle, and 
they were mounted in 20-ml organ baths that contained Krebs-Henseleit solution. 
The ventricular trabeculae were electrically stimulated with a pulse of 5-ms dura- 
tion and a voltage 20% above the threshold (approximately 0.4 V) at a frequency of 
0.5 Hz. The preparations of canine ventricular trabeculae had the average dimen- 
sion of 6.38 ± 0.93 mm in length and 1.45 ± 0.19mm^ in cross-sectional area 
(n = 42, from 16 dogs). 

Measurements of inotropic effects in ventricular trabeculae 

Prazosin (300 nM) was allowed to act for 30 min before the addition of NE and 
present in organ baths throughout the experiments. NE (100 nM) was allowed to 
act for 60 min and the first response to NE was determined as a control in indi- 
vidual preparations. After NE was washed out for 60 min, NE (100 nM) was added 
again and allowed to act for 15 min before the addition of ET-1 or carbachol. 
ET-1 (10 nM) or carbachol (30 or 100 nM) was administered at a single concentra- 
tion to each preparation. Phosphatase inhibitor cantharidin (10 or 30|xM) was 
administered 30 min before the addition of NE and was present in organ baths 
throughout the experiments. 
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Isolation of canine ventricular myocytes 

A portion of the left ventricular free wall that is supplied with the branch of left: 
anterior descending artery was excised, and the artery was then cannulated and per- 
fused with Tyrode’s solution that contained 1.0 mg/ ml coUagenase and 0.1 mg/ ml 
protease by use of a recirculating system. Finally the muscle piece was perfused with 
Tyrodes solution that contained 0.2 mM CaCb and cut into small pieces with a 
scalpel. The cell suspension was rinsed several times with the solution with gradual 
increases in Ca^^ concentration up to l.SmM. 

Loading of myocytes with indo-l/AM 

Myocytes were loaded with a fluorescent dye acetoxymethylester of indo-1 (indo- 
l/AM) by incubating them in 5|dM indo-1 solution for about 3 min at room 
temperature (24°C). After loading, they were centrifuged at lOxg for 1 min. The 
pellet was resuspended in HEPES-Tyrode solution. The myocytes were then laid in 
the chamber superfused with bicarbonate buffer for about 10 min. 

Simultaneous measurements of cell shortening and Ca^"^ transients 

The myocytes were laid in a perfusion chamber placed on the stage of an inverted 
microscope (Diaphot TMD 300; Nikon, Tokyo, Japan). The perfusion was started 
with bicarbonate buffer containing l.SmM CaCh at a rate of 3ml/min at room 
temperature (24°C) and the cells were stimulated electrically by square-wave pulses 
with voltage about 30-40% above the threshold at a frequency of 0.5 Hz. 

Fluorescence of indo-1 was excited with the light from a xenon lamp (150W) 
at a wavelength of 355 nm, reflected by a 380 nm long-pass dichroic mirror, and 
detected by a fluorescence spectrophotometer (CAM-230; Japan Spectroscopic Co., 
Tokyo, Japan). Excitation light was applied to myocytes intermittently through a 
neutral density filter to minimize the photobleaching of indo-1. The emitted fluo- 
rescence was collected by an objective lens (CF Fluor DL40, Nikon, Japan) and then 
separated by a 580 nm long-pass dichroic mirror to permit simultaneous measure- 
ments of light at both 405 nm and 500 nm wavelengths through band-pass filters. A 
bright-field cell image was projected onto a photodiode array of the edge detector 
(C6294-01, Hamamatsu Photonics K.K., Hamamatsu, Japan) with 5 ms temporal res- 
olution and the cell length was monitored simultaneously with indo-1 fluorescence. 

Myocytes were perfused with the solution containing the agent examined. 
Prazosin (300 nM) was allowed to act for 20 min before the application of NE. After 
the effect of NE reached a steady state for 10 min, ET-1 or carbachol was admin- 
istered at a single concentration to each preparation. The protein phosphatase 
inhibitor cantharidin was administered 20 min before the addition of NE and was 
present throughout the experiments. When the response of myocytes to the agent 
applied reached a steady state, the indo-1 fluorescence was measured and then the 
perfusion was switched to the solution that contained an additional agent. Cell 
length was continuously measured throughout the experiments, while the fluores- 
cence of indo-1 was monitored intermittently to reduce the quenching. Cell length 
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and transients were simultaneously recorded in the baseline state and in the 
presence of the agent when the response reached a steady state. 

Data recording and analysis 

Cell length and fluorescence of indo-1 were stored and displayed by means of 
a computer (Power Macintosh 8100/100AV, Apple Computer Inc., Cupertino, 
CA, U.S.A.) equipped with an A/D converter (MP-IOOA, BIOPAC Systems Inc., 
Santa Barbara, CA, U.S.A.) at 200 Hz and analyzed after low-pass filtering (cutoff 
frequency of 20 Hz). Data used for statistical analysis were obtained by signal- 
averaging of five successive tracings of cell shortening and Ca^"^ transients. In 
analysis of data, the diastolic cell length and indo-1 fluorescence ratio prior to the 
first application of the agent examined in individual experiments were regarded as 
baseline values in each myocyte, which are assigned to 100%, respectively, and aU 
the data are expressed as percentages of baseline values. 

Drugs 

Drugs used were ET-1 (Peptide Institute, Osaka, Japan); prazosin hydrochloride 
(Pfizer Tai to, Tokyo, Japan); norepinephrine hydrochloride (NE; Nakarai Chemicals 
LTD, Kyoto, Japan); cantharidin, carbamylcholine chloride (carbachol) and protease 
type XIV (Sigma, Chemical Co., St. Louis, MO, U.S.A); pentobarbital sodium 
(Tokyo Kasei, Tokyo, Japan); indo-1 /AM (Dojindo Chemical, Kumamoto, Japan); 
coUagenase type II (Worthington Biochemical, Freehold, NJ, U.S.A.). Other reagents 
used were of the highest grade in purity that was commercially available. 

Statistical analysis 

Experimental values are presented as means ± SE. Significant differences between 
mean values were estimated by a repeated-measures analysis of variance and/ or by 
Student’s t-test with analytic software STATVIEW J-4.5 (Abacus Concepts, 
Berkeley, CA, U.S.A.). P values less than 0.05 were judged to represent significant 
differences. 

RESULTS 

Inotropic effects of cantharidin and its influence 
on the positive inotropic eflfect of NE 

Inotropic -eflects of cantharidin and its influence on the positive inotropic effect of 
lOOnM NE were investigated in the presence of prazosin (300 nM) in isolated canine 
ventricular trabeculae. Cantharidin at lOpM did not affect the basal force of con- 
traction, and at 30 pM, it induced a long-lasting positive inotropic effect (118.0 ± 
4.2% of the basal force; n = 4, P < 0.05). As shown in Figure 1, cantharidin at 
10 pM did not affect the positive inotropic efiect induced by 100 nM NE (95.4 ± 
4.2% of the control response; n = 7). At a higher concentration (30 pM), cantharidin 
significantly enhanced the positive inotropic effect of NE to 159.2 ± 9.6% of the 
control response (n = 6; P < 0.001). 
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Figure 1. Influence of cantharidin (Cant) on the positive inotropic effect of norepinephrine (NE) in 
the presence of prazosin (300 nM) in isolated canine ventricular trabeculae. The maximum response 
to lOOnM NE in the absence of cantharidin was assigned to 100% for each preparation, and the 
maximum response to 1 00 nM NE in the presence of cantharidin are expressed as a percentage of the 
control response. Values are means ± SE. Numbers in parentheses indicate the numbers of muscle 
preparations examined. < 0.001 vs. the response to 100 nM NE alone. 



Influence of cantharidin on the negative 
inotropic effect of ET-1 and carbachol 

Neither ET-1 (10 nM) nor carbachol (30 nM and 100 nM) significantly affected the 
basal force of contraction in isolated canine ventricular trabeculae (data not shown), 
but in the presence of NE (100 nM), they produced a definite negative inotropic 
effect. Figures 2 and 3 show the influence of cantharidin on the negative inotropic 
effect of ET-1 and carbachol. NE (lOOnM) elicited a positive inotropic effect that 
developed gradually to achieve an elevated steady level at 10-1 5 min after the addi- 
tion and was sustained essentially at a stable level for 60 min. After 60 min the pos- 
itive inotropic effect of NE decHned spontaneously to 88.2 ± 3.8% of the maximal 
level (P < 0.05). The positive inotropic effect of NE was reproducible when NE 
was applied again after washout for 60 min. ET-1 (10 nM) or carbachol (30 nM) 
elicited a negative inotropic effect of an identical extent in the presence of lOOnM 
NE when they were administered 15 min after the application of NE. As shown in 
Figure 2, cantharidin at 10|iM significantly suppressed the negative inotropic effect 
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Figure 2. Influence of 10|lM cantharidin (Cant) on the negative inotropic effect of 10 nM ET-1 and 
carbachol (cch) in the presence of lOOnM NE in isolated canine ventricular trabeculae. The maximum 
response to lOOnM NE before the addition of ET-1 was assigned to 100% for each preparation, and the 
change in force of contraction is expressed as a percentage of the control response. Values are means ± 
SE. Numbers in parentheses indicate the numbers of muscle preparations examined. < 0.001 vs. 
the response to NE alone; ###P < 0.001 vs. the response to 100 nM NE plus 10 nM ET-1. 



of ET-1, but it did not affect significantly the negative inotropic effect of carbachol. 
In the presence of cantharidin (10|iM), the positive inotropic effect of NE mea- 
sured at 45 min after the application of ET-1 (10 nM) was 82.9 ± 6.0% of the 
maximal response to NE, which was significantly different from the control response 
(without cantharidin) of 39.8 ± 4.0% (n = 6 each; P < 0.001). By contrast, the pos- 
itive inotropic effect of NE after the application of carbachol (30 or lOOnM) in the 
presence of cantharidin was 45.1 ± 7.9% or 19.0 ± 10.5% of the maximal response 
to NE, which was not significantly different from the respective control response of 
44.7 ± 4.0% or 13.8 ± 5.6% (n = 7 each; P > 0.05). 

Cantharidin at a higher concentration (30|iM) suppressed the negative inotropic 
effect of carbachol (Figure 3). The positive inotropic effect of NE at 45 min after 
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Figure 3. Influence of 30|XM cantharidin (Cant) on the negative inotropic efiect of carbachol 
(cch, 30 or lOOnM) in the presence of lOOnM NE in isolated canine ventricular trabeculae. The 
maximum response to lOOnM NE before the addition of cch was assigned to 100% for each 
preparation, and the change in force of contraction was expressed as a percentage of the control 
response. Values are means ± SE. Numbers in parentheses indicate the numbers of muscle 
preparations examined. < 0.001 vs. the response to NE alone; ###P < 0.001 vs. the 

response to lOOnM NE plus 30 or lOOnM carbachol. 



the addition of carbachol (30 or lOOnM) was 91.7 ± 1.7% or 64.8 ± 12.8% of the 
maximal response to NE, which was significantly different from the respective 
control response (without cantharidin) of 50.1 ± 1.4% (n = 5 each; P < 0.001) or 
14.7 ± 8.8% (n = 5 each; P < 0.001). 

Influence of cantharidin on the effects of ET-1 and 
carbachol in canine single ventricular myocytes 

A series of experiments was performed in canine ventricular myocytes to examine 
the influence of cantharidin on alterations of Ca^"*^ signaling and cell shortening 
induced by ET-1 and carbachol. As shown in Figures 4, 5 and 6, NE at 30 nM 
induced a pronounced increase in peak cell shortening associated with a remark- 
able elevation of the amplitude of Ca^'^ transients. In addition, the positive inotropic 
effect of NE was associated with a marked abbreviation of the duration of cell short- 
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Figure 4. Influence of 10 ^IM cantharidin on the efiects of 10 nM ET-1 on the indo-1 fluorescence 
ratio (upper traces) and ceU shortening (lower traces) in the presence of 30 nM NE in a single canine 
ventricular myocyte. A: in the absence of cantharidin; B: in the presence of cantharidin. Individual 
tracings were obtained by means of signal averaging of five successive signals. 



ening and transients. Both ET-1 and carbachol inhibited the NE-induced 
increase in cell shortening and the amplitude of Ca^"*^ transients to a similar extent, 
and antagonized also the NE-induced abbreviation of the duration of ceU shorten- 
ing and Ca^'^ transients (data not shown). 




146 I. Cellular Processes Involved in Heart Dysfunction 



B 



O) 

o ^ 

JZ 03 
O) > 

II 

.9 

"S *0 

T— 

6 

"O 

c 



In the absence of cantharidin 




In the presence of cantharidin 



ET-1 (10 nM) 



NE (30 nM) 
ET-1 (10 nM) 




Figure 5. Influence of 10|lM cantharidin on the effects of lOnM ET-1 on the indo-1 fluorescence 
ratio and cell shortening in the presence of 30 nM NE in single canine ventricular myocytes. A: in 
the absence of cantharidin; B: in the presence of cantharidin. Numbers in parentheses indicate the 
numbers of myocytes examined. < 0.01; ***P < 0.001 vs. the response to 30 nM NE. 



Cantharidin at lOfiM did not significantly affect the baseline indo-1 ratio and 
cell shortening by itself: on average, the indo-1 ratio and cell shortening v^ere 98.3 
± 5.7% and 105.0 ± 4.6% of the basal values, respectively (n = 7). Cantharidin at 
10|iM did not affect the NE-induced increase in ceU shortening and Ca^*^ tran- 
sients. However, cantharidin at 10|iM significantly attenuated the ET-1 -induced 
decrease in cell shortening and Ca^“^ transients in the presence of NE (Figure 4 and 
Figure 5). Cantharidin at lOpM had no effect on the carbachol-induced inhibitory 
action (Figure 6). 

DISCUSSION 

In canine ventricular myocardium, ET-1 elicits a negative inotropic effect in the 
presence of (3-adrenoceptor stimulation induced by isoproterenol (19) or NE. As 
ET-1 does not affect the basal force of contraction and induces a negative inotropic 
effect only in the presence of (3-adrenoceptor stimulation, the negative inotropic 
effect of ET-1 may be exerted by modulation of cyclic AMP-mediated signal 
pathway, including cyclic AMP generation and/or breakdown, PKA activation and 
phosphorylation of functional proteins. 

It is likely that ET-1 produces the negative inotropic effect by activation of G, 
proteins to decrease the (3-adrenoceptor-mediated cyclic AMP generation, because 
the ET-1 -induced negative inotropic effect is susceptible to pertussis toxin (19). 
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Figure 6. Influence of lOjlM cantharidin on the efiects of 30 nM carbachol (cch) on the indo-1 
fluorescence ratio and cell shortening in the presence of 30 nM NE in single canine ventricular 
myocytes. A: in the absence of cantharidin; B: in the presence of cantharidin. Numbers in parentheses 
indicate the numbers of myocytes examined. < 0.01 vs. the response to 30 nM NE. 



However, the following pieces of evidence imply that the regulation of cyclic AMP 
generation and/or breakdown may be of less importance for the ET-1 -induced 
negative inotropic effect in canine ventricular myocardium. First, ET-1 induced a 
negative inotropic effect without detectable lowering of tissue cyclic AMP levels in 
canine ventricular myocardium (19). Similar findings have been reported also in the 
human myocardium (23). While it has been reported that ET-1 may activate cyclic 
AMP phosphodiesterase and thereby inhibit the P-adrenoceptor-mediated positive 
inotropic effect in the rat (15,16), such a signal pathway would not play an impor- 
tant role in the canine ventricular myocardium, since the cyclic AMP level was not 
altered by ET-1. Although these observations imply that cyclic AMP generation 
and/or hydrolysis may not be involved in the ET-1 -induced negative inotropic 
effect, the tissue cycHc AMP level is a less sensitive indicator, so that the potential 
involvement of cyclic AMP lowering in functionally relevant compartments cannot 
be completely excluded. Nonetheless, by contrast to ET-1, the muscarinic receptor 
agonist carbachol decreased the cyclic AMP level that had been elevated by iso- 
proterenol under the same experimental condition in canine ventricular myocardium 
(2,19). Second, ET-1 inhibited also the effect of 8-bromo cyclic AlMP (24,25) that 
activates PKA directly beyond the process of cyclic AMP generation/breakdown. 
These observations indicate that the mechanism other than cyclic AMP genera- 
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tion/breakdown may be responsible for the ET-1 -induced negative inotropic effect 
in canine ventricular myocardium, as postulated previously for the “accentuated 
antagonism” in ventricular myocardium of certain species of animals, including the 
guinea-pig ventricular myocardium (18-20,23,24). 

Cantharidin, an inhibitor of phosphatase 1 and phosphatase 2A, has been shown 
to increase the phosphorylation state of cardiac regulatory proteins such as phos- 
pholamban, troponin I, and C protein without increasing the intracellular cyclic 
AMP level (27) and to enhance phosphorylation of regulatory proteins phosphory- 
lated by (3-adrenoceptor agonists (28). The current findings that cantharidin at 
lOjlM suppressed the negative inotropic effect of ET-1 support the view that acti- 
vation of phosphatase plays a crucial role in the negative inotropic effect of ET-1 
in canine ventricular myocardium. The concentration of cantharidin employed in 
the current study is compatible with that over which the compound affects the con- 
tractile force and induces phosphorylation of phospholamban and troponin I in iso- 
lated guinea pig papillary muscles (29). In guinea pig papillary muscles, cantharidin 
at 10 pM started to increase phosphorylation of Ser-16 of phospholamban and to 
induce a positive inotropic effect, an indication that the compound may penetrate 
effectively the cell membrane and modulate contractility in relation to phosphory- 
lation of functional proteins (29). 

We have recently found that the negative inotropic effect of ET-1 was also inhib- 
ited by the guanylyl cyclase inhibitor and the protein kinase G inhibitor (30). These 
observations together indicate that ET-1 may activate the cyclic GMP-mediated sig- 
naling process ultimately leading to the activation of phosphatase that may play a 
physiologically important role in termination of cyclic AMP-mediated signal trans- 
duction by dephosphorylation of the functionally relevant proteins that had been 
phosphorylated via activation of PKA. 

Gupta and coworkers have recently found that muscarinic agonists reduce the (3- 
adrenoceptor-mediated phosphorylation of regulatory proteins without decreasing 
cyclic AMP levels or the PKA activity (4,31). In addition, the inhibitory action of 
muscarinic agonists on the p-adrenoceptor-mediated protein phosphorylation was 
blocked by the phosphatase inhibitor, while the functional relevance of these bio- 
chemical findings has remained to be determined. Muscarinic agonists diminished 
the effect of cyclic AMP applied intracellularly (32), which implies that the mus- 
carinic inhibition occurs at the process subsequent to cyclic AMP generation. In 
the pertinent study in isolated perfused heart (33) and cardiac myocytes (9,31), 
cantharidin blocked the adenosine Aj receptor-mediated anti-adrenergic effect, 
which is consistent with the current finding with ET-1 in the canine ventricular 
myocardium. 

The present results support the view that the activation of phosphatase activity 
may likewise play a role in signal transduction cascade triggered by muscarinic re- 
ceptor agonists, as in the ET-1 -induced regulation. Zhang and Macleod have 
recently reported that the negative inotropic effect of carbachol is dissociated from 
the changes in cyclic AMP and PKA in perfused rat hearts (34), which implies also 
the role of phosphatase activation in the muscarinic regulation. It is noteworthy, 
however, that cantharidin at 10|iM that suppressed significantly the ET-1 -mediated 
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negative inotropic effect did not affect the negative inotropic effect of carbachol. 
Cantharidin attenuated the carbachol-induced negative inotropic effect first at 
30|iiM, an indication that the anti-adrenergic effect of carbachol is less sensitive to 
cantharidin than the effect of ET-1. Since cantharidin at 30)liM enhanced the pos- 
itive inotropic effect of NE, the apparent antagonistic action of cantharidin at 30 
)liM on the carbachol-induced negative inotropic effect could be partially due to 
the enhancement of NE-induced positive inotropic effect produced by cantharidin. 
Supporting this postulate, it has been shown that the anti-adrenergic effect of 
muscarinic and adenosine receptor agonists is markedly affected by the magnitude 
of the p-adrenoceptor-mediated positive inotropic effect and the excess stimulation 
of cyclic AMP-mediated signaling process counteracts the anti-adrenergic effect of 
these agonists (7,20,21). 

In single canine ventricular cardiomyocytes loaded with indo-1, ET-1 and carba- 
chol decreased cell shortening in association with suppression of the amplitude of 
Ca^"^ transients, which indicates that the inhibitory action of these agents may be 
mainly due to a decrease in intracellular Ca^"^ mobilization, i.e., being induced via 
the upstream mechanism of cardiac E-C coupling (35). As a mechanism of inhibi- 
tion of Ca^"^ transients, we have recently found that ET-1 inhibits the augmentation 
of L-type Ca^'^ current induced by P-adrenoceptor stimulation through Gi protein- 
dependent pathway in canine ventricular myocytes (22). By contrast, ET-1 neither 
induced a negative inotropic effect (36) nor decreased L-type Ca^^ currents (37) 
when Bay K 8644, a Ca^"^ channel agonist, had been employed to induce a positive 
inotropic effect or to increase Ca^'*' currents. 

In conclusion, the current findings indicate that cantharidin inhibits the negative 
inotropic effect of ET-1 and carbachol, an indication that both ET-1 and carbachol 
may induce a negative inotropic effect by activation of the protein phosphatase. The 
observation that the negative inotropic effect of ET-1 is inhibited by cantharidin at 
lOpM that does not affect the negative inotropic effect of carbachol supports the 
view that the extent of contribution of phosphatase activation may be higher in the 
ET-1 -induced negative inotropic effect than in the carbachol-induced negative 
inotropic effect in the canine ventricular myocardium. Further study is required 
with other phosphatase inhibitors to establish the different role of phosphatase acti- 
vation in the negative inotropic effect induced by ET-1 and carbachol. 
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Summary, Ventricular fibrillation (VF) was thought to be a Ufe threatening arrhythmia that 
requires immediate defibrillation. Recendy it became evident thatVF can be a transient one 
(TVF) that reverts spontaneously into a sinus rhythm and that compounds and hormones can 
facihtate this process. Various theories related this abihty to the ventricular muscle mass and/or 
to different electrophysiological properties hke: fibrillating and defibrillating thresholds, action 
potential duration and wavelength of reentrant impulse. However, these hypotheses could not 
explain the transient type of VF. 

On the basis of results obtained in various mammals at different ages we have 
found that TVF is species and age-related and requires good intercellular coupHng 
and synchronization that can be enhanced by catecholamines and cAMP. As to the 
mechanisms involved, we hypothesized that the defibrillating abtiity and its age 
and species variations can be related to the state of the cardiac myosin heavy chain 
(MHC) isoenzymes. MammaHan cardiomyocytes express functionally different iso- 
forms of MHC designated as a and p (and VI and V3 respectively). The former 
exhibits high ATPase activity, higher intrinsic contracttiity, faster velocity of short- 
ening and is accompanied by increased sarcoplasmic reticulum (SR) Ca^'^ uptake, 
while the latter exhibits low ATPase activity and is associated with greater economy 
of force maintenance. The relative expression of these isoforms is age and species 
specific and influenced by physiological conditions and pathological states. Cate- 
cholamines, thyroid hormones and cAMP up-regulate VI and down-regulate V3, 
while hypertrophy, energy deprivation and hemodynamic overload have opposite 
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effects. Comparing the incidence of TVF with the aMHC expression revealed very 
close correlation that can explain well the intra (age) and inter species differences 
(rat, GP, and rabbit versus dog and pig) and lead us to hypothesize that preferential 
expression of the cardiac V 1 isoenzyme may facilitate TVF. 

Following the data in the literature that V 1 appears in newborn mammals few 
days after birth, we examined the 7days-old pig to electrically induced VF. The results 
showed well synchronized but still sustained VF that suggested that at this age it is 
a low and sub-sufficient amount of VI. Therefore, we treated the piglet, according 
to our previous experience, with maprotiline that increases catecholamine level and 
thereby cAMP and SR activity. The results revealed that this pretreatment trans- 
formed the VF into a TVF. Flowever, it did not lead to TVF in old pig that has no 
VI isoenzyme. 

Following the information that thyroid hormones (T3 and T4) can increase the 
amount of VI and gap junctional coupling, both requested for spontaneous defib- 
rillation, we treated young pig with T3. This treatment lead to a synchronized but 
still sustained VF. Administration of maprotiline to the T3-pre treated pig transformed 
the sustained synchronized VF into a self-terminating ventricular fibrillo-flutter. 

These results support our hypothesis and suggest that preferential expression of 
cardiac VI isoenzyme predisposes to spontaneous defibrillation. In case that the 
amount ofV 1 and SR activity are sub-sufficient, a support of catecholamines and/or 
thyroid hormone that increased SR activity is required. 

Key words: Ventricular fibrillation, Transient ventricular fibrillation, Myocardial heavy chain 
isoenzymes. Calcium activated sarcoplasmic reticulum ATPase, Thyroid hormones. 

INTRODUCTION 

Ventricular fibrillation (VF) is an uncoordinated electrical activity that leads to pump 
failure and, when it occurs, is usually fatal. VF is one of the major causes of sudden 
death in human. However, the exact mechanisms of initiation of VF are not fully 
understood and effective strategies for its prevention are still being sought. 

Although it was commonly believed thatVF never terminates spontaneously, there 
are observations that proved the contrary. For instance, Wiggers showed in 1929 (1) 
in animals that there are two types of VF: a sustained VF (SVF) that requires artifi- 
cial defibrillation and a transient form (TVF) that spontaneously reverts into sinus 
rhythm within seconds after its occurrence. Since the latter was regularly observed 
in small animals such as rats and guinea pigs, the investigators concluded that TVF 
is an intrinsic property of small hearts (2). Following the assumption that VF was 
due to reentrant activity and muscle mass appeared to be important for the main- 
tenance of reentrant circuits it was assumed that small hearts have not enough muscle 
mass to sustain fibrillation, whereas “larger hearts” like those of humans and dogs, 
have sufficient mass for continuing fibrillation (2,3). 

This generally accepted hypothesis was questioned by more recent findings on 
two grounds. First, SVF was shown to occur in animals with small hearts, such as 
pigeons (4) and old rodents (5). Secondly, contrary to expectations, TVF occurred 
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SELF VENTRICULAR DEFIBRILLATION 
in WOMAN 




Figure 1. ECG record of spontaneous ventricular defibrillation in woman recorded in clinic. 



in considerably “larger hearts” like those of cats (5) and young puppies (6). The 
existing evidence shows that transient VF also occurs in humans even not so rare 

(7) (Figure 1). 

Following Schwartz et al. (8) that first described TVF in human subjects in 1949, 
transient life-threatening arrhythmias have been widely reported and designated by 
various names like torsade de pointes (9), idiopathic recurrent VF (10), paroxysmal 
VF with spontaneous reversion to sinus rhythm (11), polymorphous VT (12), fibrilo- 
flutter (13) etc. Since all of these arrhythmias are in fact transient life-threatening 
events, that resemble VF, we suggest that as a common name, Schwartz’s term — TVF 

(8) — can be more adequate. 

The main factors involved in the initiation and propagation ofVF are thought to 
be both, structural and functional. 

From structural point of view, inhomogeneities of myocardium that lead to dis- 
persion of repolarization, refractory period and excitabiUty, as well as difierences in 
conductivity and unidirectional block, are classic requirements of reentry (14-18). 

As far as functional properties are concerned, initiation and maintenance of re- 
entrant arrhythmias were believed to depend on a critical relationship between 
wavelength (WL) of the reentrant impulse, conduction velocity (CV) and tissue 
refractoriness (ERP) (3,19-24). 

THE WAVELENGTH THEORY 

The wavelength is a product of the functional refractory period and conduction 
velocity (WL = FRP X CVj (19-21). The stability of reentrant circuits was thought 
to depend on the relationship between the wavelength and the physical length of 
the reentrant pathway. Consequently, attempts aimed at prolonging action potential 
duration (APD), EFR and WL seemed the most promising strategies for the pre- 
vention ofVF. Accordingly, channel blockers known as Class III drugs that 
prolong APD and ERP, were developed as antiarrhythmic and antibrillatory 
compounds (25,26). 

However, by searching the literature, we did not find any study showing how 
prolongation of APD and/or ERP prevented or terminated VF (27,28). In contrast, 
in many instances, prolongation of APD was proarrhythmic (29) and triggered VF, 
as it predisposes to early or delayed after depolarizations (30). Moreover, hearts of 
hypertensive (31), or hypokalaemic (32) animals as well as hypertrophic (33) hearts 
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that exhibit prolonged APD and ERP are known to be more vulnerable to VF, 
whereas administration of adrenaline and other compounds that shorten APD and 
ERP and reentrant wavelength, proved potent defibrillating properties (34,35). 

In the contrary to the defibrillating hypothesis, based on prolongation of APD, 
Johansen (36) (in 1985) summarized that prolongation of Q-T interval (which is 
related to prolongation of APD) is associated with electrical instability of the heart. 

Today it is generally accepted that prolongation of APD has arrhythmogenic effect 
(28,29). 

THE SYMPATHOMIMETIC HYPOTHESIS 

Bacaner (37) and colleagues showed that pretreatment with bretylium tosylate facil- 
itated conversion ofVF from sustained to transient VF, in both, dogs (37) and humans 
(38,39). Initially, Bacaner linked the defibriUating ability of bretylium to its guanethi- 
dine like effect of chemical sympathectomy (40) as well to increase the fibrillation 
threshold. With time, Bacaner changed the explanation of the defibrillating effect 
of bretyhum, relating it to a channel blocking effect i.e. to a class III effect (41). 

The fact that in its first stage bretylium increases the cathecholamine level and 
the fact that the defibrillating activity of bretylium tosylate was blocked by prior 
reserpinization of the animals (40) lead us to suggest that the defibrillating activity 
of bretyhum tosylate could or even should be related to its sympathomimetic 
properties. 

This suggestion was strengths by our finding that the self-defibrillating capabil- 
ity of animals was age-dependent (5,6,42). We found that in young mammals, which 
have a predominant sympathetic auto-regulation, electrically-induced VF ceased 
spontaneously, whereas in older mammals (with vagal predominance) it was sus- 
tained and required artificial electrical defibrillation. The age range, during which 
spontaneous defibrillation occurred in young animals varied between species. In rats, 
which are highly sympathetic, transient VF occurred even in aged animals (older 
than 2 years), whereas in dogs with their strong vagal disposition, TVF was observed 
only in very young puppies (up to 5 weeks). Accordingly we showed that admin- 
istration of agents that inhibit neuronal uptake of catecholamines such as tricyclic 
antidepressants (6,43,44) and thereby increased interstitial catecholamine content, 
facihtated transformation of SVF into TVF in adult mammals. In contrast, vagal 
stimulation or administration of either metacholine or beta adrenergic blocking 
agents prevented spontaneous defibrillation in young mammals (6,45). 

THE MECHANISMS INVOLVED IN TVF 

In an attempt to define the mechanisms involved in spontaneous cessation ofVF, 
we examined electrophysiological data obtained from mammals of the same species 
that exhibit transient or sustained VF. No differences were found between the cardiac 
muscle mass, heart rate or APD in animals that exhibited transient or sustained VF 
(5). 

Using floating microelectrodes for simultaneous recording of membrane electri- 
cal activity from two or more cardiomyocytes in vivo from different parts of the 
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left ventricle, we found well synchronized, slow rate electrical fibrillating activity in 
TVF and a less synchronized electrical activity of higher frequency in SVF (46—48). 
“Synchronized” TVF occurred in hearts with functional intercellular coupling, 
which ensured proper propagation of electrical signals through gap junctions and 
allowed the cardiomyocytes to act in synchrony Thus, preservation or enhancement 
of gap junctional coupling can facilitate conversion of SVF into TVF by decreasing 
the number of reentrant circuits. Functional gap junctional coupling reduces the 
fibrillating rate and transformes small local circuits into bigger ones, until the entire 
viable ventricular myocardium acts as a functional syncytium. 

Intermyocyte communication mediated by gap junctions is a dynamic process 
(49), known to be modulated by intracellular Ca^"^ and ion concentration as well 
as by a variety of endogenous and exogenous factors (50-52). For instance, agents 
that increase cAMP up-regulated gap junctional channels, whereas channels can be 
down-regulated by high levels of cGMP (51). Alterations in the concentration of 
these mediators might affect intercellular electrical coupling. Decreased and/or 
abnormal intercellular coupling leads to a fractionated conduction (53), disturbances 
in synchronization and arrhythmogenesis (49,54). Moreover, excess of diastolic free 
Ca concentration [Ca^"^], inhibited gap junctional channels and decreased intercel- 
lular coupling most likely by increasing junctional and internal longitudinal resis- 
tance (53,55). Deterioration of myocardial intercellular synchronization increases the 
number of fibrillating micro-areas that allows VF to prevail and decreases the ability 
of the heart to defibrillate spontaneously (56-59). 

The finding that pharmacological enhancement of gap junctional coupling and 
myocardial intercellular synchronization (with or without changes in APD) (60) 
facilitates transformation of SVF into TVF implies that neither muscle mass nor the 
duration of APD determine the transient nature of VF. Thus, we hypothesized, that 
the potency of defibrillating drugs is determined by their ability to enhance or 
recover intercellular coupling or prevent intercellular electrical uncoupling. These 
effects are most likely brought about by decreasing [Ca^^]i and preventing Ca^"^ over- 
load, which may occur secondarily to an increase of cAMP (61). 

In an attempt to test this hypothesis in detail, a series of experiments (28,61-66) 
was performed that examined the effects of various compounds possessing defibril- 
lating ability (like adrenaline, dbcAMP, tricyclic antidepressants, phenotiazines, and 
some class III antiarrhythmics), on intercellular myocardial coupling and synchro- 
nization as well as cytoplasmic free Ca^^ concentration. 

The following results were obtained: 

1. Pretreatment with the named compounds prevented Ca^"^ overload and main- 
tained diastolic intracellular Ca^'^ ([Ca^'^],) at its normal level; 

2. AH compounds tested decreased previously elevated [Ca^^]i (induced by increase 
of extraceUular Ca^"^ concentration ([Ca^'^Jo) toward its basal level, whereas there 
was no effect on normal [Ca^'^],; 

3. These compounds prevented the high [Ca^"^] -induced uncoupling and desyn- 
chronization and restored the hypoxia-induced electrical or dye uncoupling; 




158 I. Cellular Processes Involved in Heart Dysfunction 



TVF in adult rat and SVF in newborn 



ADULT ftAT 







• \ 






II I 






NEWBORN MT 



Figure 2. ECG record (LII) ofVF electrically induced in adult (upper line) and 2 days old (lower 
line) rats. In adult rat VF terminated spontaneously in 1 2 sec, while in newborn on it sustained for 
>70 sec. 

4. Several of these drugs were shown to increased myocardial cAMP levels (67), 
accelerated Ca^"^ uptake by the sarcoplasmic reticulum (SR) (68) and exerted pos- 
itive inotropic effects. 

5. The named compounds increased intercellular synchronization and enabled the 
myocardium to act as a syncytium, to prevent spontaneous eruption of reenter- 
ing wavelets and abolishing the continuity of reentry and fibrillation. 

Although these sympathomimetic effects can explain many of the observed age 
and species differences, at least two questions remain to be answered: 

First, since muscle mass and changes in APD can apparently be neglected as cause 
of spontaneous defibrillation, can we explain why dogs, pigs, and birds display sus- 
tained VF while rats, rabbits, guinea pigs and other species react with transient VF? 

The second difficulty is to explain why new born rats and guinea pigs exhibit 
prolonged VF of about 90 sec. at the first day after birth, which decreases within 
few days (about 70 sec. during the second day) and TVF (shorter than 12 sec) after 
a week, although hearts of newborn animals are much smaller and have prolonged 
APD in comparison to more developed hearts which exhibit TVF (Figure 2). 

THE NOVEL HYPOTHESIS 

Following the assumption that TVF requires high level of sarcoplasmic (SR) Ca^'^- 
ATPase activity and gap junctional conductivity mediated by connexcin 43, we 
looked for a correlation between TVF, SR activity and myocardial structural varia- 
tions. Searching the literature we found good correlation between SR Ca^'^-ATPase 
activity, cardiac myosin heavy chain (MFIC) isoforms and the type ofVF. 
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Ventricles of mammalian hearts contain mainly few types of myosin that differ 
structurally in their heavy chains and functionally in the Ca^'^-activated ATPase activ- 
ity (69). According to Hoh et al (69) myosin from ventricular muscle contains in 
general three isoforms (V1-V3). These isoforms differ in their MHC composition. 
The VI form is composed of two alpha MHC,V3 has two beta MHC andV2 has 
one alpha and one beta MHC. The V 1 isomyosin that moves most rapidly during 
gel electrophoresis has a highest ATPase activity, whereas the slower moving one, 
V3, has the lowest ATPase activity (70,71). The high Ca^"^ ATPase type VI isomyosin 
and/or the lower ATPase type V3 occur in most of the species hearts while their 
relative amounts differ among mammals (72,73). Changes in the relative amount of 
myosin isozymes are responsible for alterations in the spread of muscle shortening 
(74). The ratio of these isomyosins is not static and varies according to age and 
species, as well as to physiological and pharmacological conditions (75). For example 
V3 is predominant during fetal life in all mammalian species (76). At or around 
birth there is a progressive appearance of VI, whereas its postnatal development 
varied with species (77). In rodent ventricles, VI shifts with age toward V3. The 
range of age and amount in which VI is observed (young age) vary between species. 
This range is prolonged in rats and very short, if any, in big animals. In adult big 
mammals (like dog, beef, pig and baboon) and in chicken only V3 was observed 
(72,78), while in humans VI was found to range from 0 till 15% of total myosin 
and to vary from one heart to the other (75,78,79). There is a linear correlation 
between the myofibrillar myosin calcium-stimulated ATPase and percent VI of total 
isoenzyme in normal hearts (80). 

Increased expression of V3 was observed in various models of cardiac 
hypertrophy (81,82) as well as in hypothyroidism (83), whereas expression of VI 
was predominant in hyperthyroidism, and could be increased in hypothyroid 
animals by treatment with thyroid hormones (84). An increased expression 
of VI and concomitant decrease of V3 is associated with enhanced SR 
function. 



Species 


Age 


Ventricular 
muscle mass 


Type 
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Fleavy chain 
Isoenzymes* 


Rat 


young 


small 


TVF 


only VI 




adult 






VI >V3 


Guinea pig 


young 


small 


TVF 


VI >V3 




adult 




SVF 


only V3 


Rabbit 


young 


medium 


TVF 


VI >V3 




adult 




SVF 


only V3 


Cat 


young 


medium 


TVF 


no data 




adult 




SVF 




Dog 


young 


big 


TVF 


VI >V3 




adult 




SVF 


only V3 


Pig 


adult 


big 


SVF 


only V3 


Pigeon 




small 


SVF 


only V3 


Chicken 




small 


SVF 


only V3 
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CONTROL VF in YOUNG PIG 





Figure 3. ECG (L I-III) recorded during electrically induced VF in untreated anaesthetized 7 day old 
pig- 



The data depicted in Table 1 shows that TVF correlates well with the predomi- 
nance of VI and thereby with higher SR Ca^^ ATPase activity, whereas SVF cor- 
relates with the predominance ofV3 and lower SR activity. 

The observed correlations with the MHC isoforms can explain well the inter- 
species differences (rats, guinea pigs and rabbits that exhibit TVF versus dogs, pigs 
and pigeons that exhibit SVF). It can also explain the intra (age) differences and 
the variations in the length of the “young age”. The fact that V3 is the only one 
isoform observed in mammals at birth can explain the previous mentioned unex- 
pected finding that neonate rat (Figure 3) and guinea pig exhibit sustained or very 
prolonged VF despite of the newborns heart is smaller in comparison to older rat 
and guinea pig that exhibit short TVF. 

In view of this correlation it seems important to examine whether transforma- 
tion of V3 into VI or at least increase of alpha-MHC-induced SR activity can 
support self- ventricular defibrillation in animals Hke pig that normally have only V3 
(78) and exhibit SVF. 

Following Lompre et al. findings (76) that VI appears in all mammals after birth 
(during the period of “young age”), we tried to examine the possibdity for spon- 
taneous defibrillation in very young pigs. Lompre (76) showed that VI appears in 
very young pigs in a low percentage. Electrically induction of VF in young pigs at 
age of 7 and 12 days still exhibited SVF but with well synchronized ECG pattern 
(Figure 3) (in preparation). Our assumption was that VI appears in pig at this age 
but probably in an insufficient SR activity Uke in adult cats, rabbits and guinea pigs. 
Therefore, following our previous findings (45) that pre treatment of adult cats, 
rabbits and guinea pigs with antidepressants that elevate cardiac catecholamine level 
exhibit TVF in spite of their low VI, we examined whether similar procedure would 
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Figure 4. ECG (L I-III) recorded during spontaneous ventricular defibrillation in anaesthetized 7 
days old pig pretreated with maprotiline (3 mg/kg body weight). TheVF was electrically induced like 
in Figure 3. 



support self-defibrillation in young pigs. To address this suggestion, we pretreated 7 
days old pigs with maprotiline, an antidepressant compound known to inhibit cat- 
echolamine reuptake that thereby increases catecholamine level, cAMP and SR 
activity (45,56,60). The experiments revealed (in preparation) that this pretreatment 
transformed SVF into TVF (Figure 4) like in the adult mammals (6,45). Similar 
administration of the defibrillating drugs did not lead to a self-ventricular defibril- 
lation in older pigs in which VI probably does not exist. 

The fact that treatment of animals with thyroid hormones T3 and T4 increased 
the expression of VI or transforms a part of myocardial content of V3 into VI 
(78,85) and increase the SR activity and gap junction conductivity (86) led us to 
explore whether administration ofT3 and/or T4 can support self defibrillation in 
animals, like dogs and pigs, known to have only V3. The results of recent pilot exper- 
iment showed that pretreatment of pig (in preparation) with T3 or T4 did not lead 
to self defibrillation. However, administration of maprotiline to pigs pretreated with 
T3 or T4 supported the appearance of TVF or at least of self terminating torsade 
de points (Figure 5). The results fit well with the known interaction between thyroid 
hormones and sympathetic activity (87-90) associated with increased cAMP induced 
SR activity. 

Our preliminary results suggest that VI isoenzyme, associated with high SR and 
sympathomimetic activities, is necessary for ventricular synchronization, for preven- 
tion ofVF and for self- ventricular defibrillation. In case that VI amount and SR 
activity are sub-sufficient, a support of defibrillating compounds, cathecholamines 
and/or thyroid hormones, that increase SR activity are strongly required. 

CONCLUSION 

Based on the presently available evidence, we consider activity of SR Ca-ATPase 
as one of the main factors involved in spontaneous ventricular defibrillation. For 
this reason the present study was focused on the influence of the myosin isoenzyme 
VI as a main predictor of the transient type ofVF. However, the correlation between 
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Figure 5. ECG (L I-III) recorded during spontaneous termination of ventricular fibrillo-flutter in 
40 kg pig, pretreated with T3 (2 mg/kg p.o.) for 7 days and 5 mg/kg i.v. maprotiline 5 min before the 
induction of the arrhythmia. The fibrillo-flutter was induced like in Figure 3. 



TVF and VI expression does not exclude the possibility that other cellular compo- 
nents play a role in the ability of the heart to defibrillate spontaneously. As was 
pointed out before, the intercellular coupling-synchronization as well as dispersion 
of repolarization has great influence on spontaneous reversal of VF. 

As the available evidence supports the correlation between TVF, amount of VI, 
SR activity and gap junctional conductivity Cx43, it is important to address the 
question, whether or not it is possible to increase simultaneously VI in heart with 
high risk for VF. Is it possible to achieve it in acute cases during arrhythmia and 
VF? Could it lead to alternative treatment for prevention of the fatal event of SVF? 

These questions are now the base of our present studies. Future will tell whether 
this is fact or an epiphenomenon. 
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Summary. Maintenance of myocardial homeostasis critically depends on the ability of cardiac 
cells to adapt energy-dependent processes in response to metabolic challenge. This requires 
efficient monitoring of the cellular energetic status, secure deHvery of information to ener- 
getic sensors and accurate translation of metabolic signals into cellular response. Although 
advances have been made in resolving the molecular identity of energy-response elements, 
mechanisms integrating metabolic sensor function with cellular metabolism are largely 
unknown. Sarcolemmal ATP-sensitive K'^ (Katp) channels are prototypic membrane metabolic 
sensors, which act as bi-functional protein multimers combining catalytic with ion conduc- 
tion properties. In the hetero-octameric Katp channel complex, the sulfonylurea receptor 
(SUR2A) harbors an intrinsic ATPase activity and confers fine nucleotide modulation of 
permeation through the pore-forming Kir6.2 subunit. The metabolic sensor role of Katp 
channels stems from the non-equivalent properties of nucleotide binding domains (NBDl 
and NBD2) in SUR2A. NBDl binds nucleotides whereas NBD2 hydrolyzes ATP, yet coop- 
erative interaction, rather than the independent contribution of each NBD, is critical for Katp 
channel regulation. The ATP hydrolysis cycle at SUR2A drives conformational transitions 
with distinct outcomes on channel gating to adjust membrane potential in response to intra- 
cellular metabolic oscillations. Nucleotide exchange between the channel ATPase and the 
cellular phosphotransfer network provides a mechanistic basis for coupling cell energetics with 
Katp channel gating. Disruption of phosphotransfer genes produces aberrant metabolic sensing 
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by Katp channels, and generates a cellular phenotype with electrical vulnerabihty to meta- 
bohc challenge. Assigning to the channel catalytic module a role in integrating ion perme- 
ation with intracellular enzymatic pathways identifies a novel principle in the regulation of 
cellular excitability, and defines an operational paradigm for channel/enzyme multimers. 

Key words: Katp channel, ATPase, nucleotide binding domains, metabohc sensor, phospho- 
transfer enzymes. 

INTRODUCTION TO ATP-SENSITIVE CHANNELS 

Plasmalemmal ATP-sensitive (Katp) channels are membrane metabolic sensors, 
which act as alarm systems to adjust cellular electrical activity in response to oscil- 
lations in cellular metabolism (1-9). Katp channels are expressed in high density in 
metabohcally active tissues, in particular heart muscle where they were originally 
discovered two decades ago (10). Central to metabolic sensing is their tetradimeric 
composition, where four ion conducting subunits physically associate with respec- 
tive regulatory modules into a functional hetero-octameric Katp channel complex 
(1 1-13; Figure 1). 

The inwardly-rectifying K^ channel, Kir6.2, serves most commonly as the pore- 
forming core for Katp channels (14). The Kir6.2 protein contains two transmem- 
brane domains which flank the pore region (Figure 1). Although deletion of the 
very carboxy-ter minus of Kir6.2 (13,15) or its over-expression (16) may give rise 
to measurable Katp channel current, it is through physical assembly with the regu- 
latory module, recognized as the sulfonylurea receptor or SUR (Figure 1), that the 
full properties of tissue-specific channel phenotypes are generated (14,17-19). It is 
in this way that Kir6.2 and SURl genes, which are clustered on chromosome 11 
(llplS.l), are cotranscribed and cotranslated to produce Katp channels in insulin- 
secreting pancreatic P-cells (14,17,20). Although mapped to a chromosome 
(12pll.l2) distinct from that of Kir6.2 (21), SUR2A, an isoform which shares a 
68% identity with SURl (18,22), when physically associated with Kir6.2 forms the 
cardiac Katp channel complex (23). The splice variant, SUR2B, pairs with Kir6.1, 
an inwardly-rectifying potassium channel related to Kir6.2, to generate vascular Katp 
channels (19,24,25). 

In the cardiovascular system, Katp channels contribute to the cardioprotective 
mechanism of ischemic preconditioning and to regulation of vascular tone (26—29). 
Ischemic preconditioning reduces the infarct size in wild-type, but not in Kir6.2- 
knockout mice lacking functional cardiac Katp channels (27). In fact, following 
global ischemia/reperfusion, the increase of left ventricular end-diastolic pressure 
during ischemia is more marked, and the recovery of contractile function worse in 
Kir6. 2-knockout than wild-type hearts underscoring the role of sarcolemmal Katp 
channels in modulating ischemia/reperfusion injury (27). It has now been estab- 
lished that opening of sarcolemmal Katp channels underlies ST elevation during 
ischemia, which is lost in hearts lacking Kir6.2 (28). Moreover, mice lacking 
the gene encoding Kir6.1 have a high rate of sudden death associated with spon- 
taneous ST elevation followed by atrioventricular block, and display a phenotype 
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Figure 1. The Kaj,. channel complex is an octamer composed of four pore-forming Kir6.2 subunits 
and four associated regulatory SUR subunits. Kir6.2 is formed by two transmembrane domains flank- 
ing a pore region. SUR is characterized by two cytosolic nucleotide-binding domains (NBDl and 
NBD2) which contain highly-conserved Walker motifs (A and B) and a linker (L) region. Interaction 
of ATP (green triangle) with Kir6.2 induces pore closure. Upper channel record demonstrates ATP- 
induced Katp channel inhibition. MgADP (blue triangle) at NBD2 antagonizes ATP-induced pore 
inhibition, with an apparent requirement of ATP at NBDl. Lower channel record demonstrates 
MgADP-induced reduction of ATP-induced Katp channel inhibition leading to channel opening. 



NBDl domain: 

SUR 2 A ...KPGQKVGICGRTGSGKSSLSLAFFR... 
CFTR ...SPGQRVGLLGRTOSGKSTLLSAFLR„. 
MDRl ...KKGQTIiALVGSSGCGKSTVVQLLER... 
ABC! ...YFGQl TSFLGHMGAGKTTTMS I LTG... 

Walker A motif 



Figure 2. The cardiac SUR isoform, SUR2A, contains sequences with high homology within the 
nucleotide-binding domains of related ATP-binding cassette proteins, such as the cystic fibrosis trans- 
membrane regulator (CFTR), the multi-drug resistance protein (MDRl) and the lipid transorting 
ATP-binding cassette transporter 1 (ABCl). Shown is the conserved Walker A motif (in bold) of the 
second nucleotide-binding domain of CFTR, MDRl and ABCl aligned with the corresponding 
region of SUR2A. Sequences are from human cDNAs. 
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characterized by hypercontractility of coronary arteries resembling Prinzmetal (or 
variant) angina in humans (29). Thus, targeting Kati> channels provides a powerful 
mean to regulate numerous metabolism-dependent cellular functions, and to inter- 
fere with disease conditions associated with metabolic insults (30—34). 

This chapter will address the molecular mechanism underlying the operation of 
the cardiac K^tp channel. Emphasis will be placed on the intrinsic ATPase proper- 
ties of the channel complex, signaling in the channel/enzyme multimer, and inte- 
gration of channel function into the cellular metabolic network. The presented 
principles provide a paradigm of effective energetic signal decoding by a cardiac 
metabolic sensor. 

INTRINSIC CATALYTIC ACTIVITY IN THE NUCLEOTIDE 
BINDING DOMAIN OF SUR 

As a member of the ATP-Binding Cassette (ABC) protein family, the regulatory 
subunit of the Katp channel complex SUR, including the cardiac SUR2A isoform, 
possess two nucleotide binding domains, NBDl and NBD2 (Figure 1). These are 
located between the eleventh and twelfth transmembrane regions and at the 
carboxy-terminus of the SUR protein (14,17). A common feature of ABC proteins 
is that such NBDs contain conserved Walker A and Walker B motifs that form 
nucleotide-binding pockets (35; Figure 1). In certain ABC proteins, nucleotide- 
binding domains have been associated with an ATPase activity proposed to serve as 
a switch between ATP- and ADP-liganded conformations, implicated in supporting 
transport function, ion conductance or DNA repair (36,37; Figure 2). In the 
Katp channel complex, interaction of ATP with Kir6.2 prevents ion permeation 
through the pore, whereas metabolic gating proceeds through interactions of 
MgATP/MgADP with NBDs of SUR modulating the ATP-sensitivity of Kir6.2 
(5,6,15,38-40; Figure 1). However, the similar affinity of NBD2 for MgATP and 
MgADP (41) suggests that nucleotide competition at the binding site is not solely 
responsible for Katp channel regulation in a cellular environment with exceeding 
ATP over ADP levels. Therefore, rather than ligand competition per se, an ATPase- 
driven transition between nucleotide-liganded states of SUR may provide a more 
effective governance of channel gating (4,39,42,43). 

In this regard, the presence of an ATPase activity in SUR stems from findings 
that a- but not y-labeled ATP could be detected bound to the NBD2 fragment of 
SUR (42). In addition, mutations of key residues in Walker motifs of SUR, which 
precluded nucleotide binding and/ or hydrolysis in other ABC transporters, do alter 
the responsiveness of Katp channels to adenine nucleotides (44,45), further suggest- 
ing that SUR harbors an intrinsic catalytic activity involved in channel regulation. 
In fact, exposed to y-Iabeled [^"P]ATP, purified NBDs of SUR2A display an ATPase 
activity directly measured by monitoring the generation of [^"P]P, (43; Figure 3A). 
The catalytic activity is primarily identified in NBD2, and to a lesser extent if at 
all in NBDl (43; Figure 3 A and 3B). The rate of the ATPase reaction in NBD2 of 
SUR2A is within the range of values reported for the ATPase activity of other 
ABC proteins (43). The ATPase activity of NBD2 is insensitive to inhibitors of 





Figure 3. ATPase activity harbored in SUR regulates ATP-dependent Katp channel gating. (A) 

NBDl (Ser'^'-Ser"'*-*) and NBD2 (Gly"""-Thr of SUR2A were subcloned into pMal-c2 plasmid 
in-frame with maltose binding protein (MBP). Generation of (^'P]P, by purified NBD constructs from 
[Y-'^“P]ATP was analyzed by thin-layer chromatography, followed by autoradiography with an image 
analyzer. Lane 1: MBP alone; lane 2: MBP-NBDl; lane 3: MBP-NBD2. (B) ATPase activity in 
NDB2 was significantly higher than the activity of MBP alone or NBDl. Lack of Mg""^ (OMg) 
well as single (K1348A) or double mutations (K1348A + D1469N) in the Walker B motif of NBD2 
significantly reduced the ATPase activity. (C) Sensitivity of recombinant wild-type and mutant cardiac 
Katp channels toward ATP. At 100 |xM ATP, wild-type Kir6.2/SUR2A was inhibited by ~70%, whereas 
Kir6.2 co-expressed with mutant K1348M or D1469N SUR2A was inhibited by -90%. Currents in 
each condition were obtained in inside-out patches, following expression in oocytes. Adapted from 
ref 43. 
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Figure 4. Regulation of the Katp channels by y-phosphate analogs. (A) Orthovanadate (ortho-V) 
activated recombinant wild-type Kir6.2/SUR2A channels expressed in COS-1 cells {upper trace). 
Mutation of aspartate to asparagine (D1470N) in the NBD2 Walker B motif of SUR2A prevented the 
effect of ortho-V on K^tp channel opening {lower trace). (B) Average effect of ortho-V and beryllium- 
fluoride (BeF,;) on ATP-inhibited Katp channel activity relative to the value obtained in the absence 
of ATP. Records are from native cardiac Katp channels in the open cell-attached configuration. (C) 
Beryllium-fluoride (Bep 2 + KF 50mM = BeF,;) did not activate native Katp channels in cardiomy- 
ocytes {upper trace). BeF,. plus ADP, in the presence but not in the absence of magnesium, inhibited 
native Katp channels {lower trace). (D) The D1470N mutation m SUR2A prevented the effect of 
MgADP-BeF,,. Channel activity is presented relative to that measured in the absence of BeF,; and 
nucleotides. Adapted from ref 49. 
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conventional ATPases and phosphatases, ouabain, oligomycin, thapsigargin and/or 
levamisole, but removal of Mg"^, a co-factor in the ATPase reaction, reduces the 
hydrolytic activity (43; Figure 3B). Site-directed mutagenesis of the lysine residue 
(K1348A), in the signature Walker A motif of NBD2, along with mutation in the 
Walker B aspartate (D1469N) suppresses the ATPase activity (43; Figure 3B). 
These mutations in Walker A and B motifs produce Kati> channels with a higher 
sensitivity to ATP compared to wild-type Kir6.2/SUR2A suggesting that transition 
from MgATP- to MgADP-liganded states (from high to low ATP sensitivity of 
Kir6.2, respectively) is catalyzed by an ATPase inherent to the channel complex (43; 
Figure 3C). Thus, the discovery of an intrinsic ATPase activty in the regulatory SUR 
module qualifies the K ^y,, channel as a member of bi-functional protein complexes, 
recently recognized to combine enzymatic and ion conductance properties 
(36,43,46-49). 



SIGNALING IN THE CHANNEL/ENZYME MULTIMER: ATPase 
TRANSITIONS IN SUR GATE Katp CHANNELS 

Most recently, linkage between catalysis at SUR and ion permeation through the 
Kaji> channel pore was defined (49). Coupling of discrete conformations in the SUR 
ATPase cycle with channel gating was solved using nucleotide trapping procedures 
in conjunction with current recording to monitor in real-time the outcome of tran- 
sitions during ATP hydrolysis on channel behavior (49). Capture of intermediates 
was achieved using y-phosphate (P,) analogs, orthovanadate (V,) and beryllium- 
fluoride (BeFJ, which readily undergo changes in coordination geometry and sta- 
bilize the ATPase cycle in distinct conformations (36,50,51): 

E + MgATP ^ T* MgATP ^ E** MgADP P, E*^* MgADP -f P, E + MgADP + P, 

where E is the ATPase molecule and stars indicate transitional states during ATP 
hydrolysis (52). Orthovanadate forms a pentavalent pyramidal structure, like y- 
phosphate in ATP undergoing hydrolysis (E^^-MgADP*P, = E^^-MgADP*V,), and 
stabilizes posthydrolytic states (53). Prehydrolytic states are distinguished using beryl- 
lium-fluoride which forms a tetrahedral structure, and mimics y-phosphate in ATP 
prior to hydrolysis (E'*'-MgATP = E^-MgADP-BeF^; 54). 

Accordingly, both y-phosphate analogs suppress the ATPase activity in the NBD2 
of SUR2A (49). Arrest of the ATPase cycle with orthovanadate is associated with 
reversal of ATP-induced K^jp channel inhibition leading to vigorous channel 
opening (49; Figure 4A and 4B). Orthovanadate fails to activate Katp channels in 
the absence of divalent cations, essential co-factors in the ATPase reaction necessary 
for coordination of trapped nucleotides at the catalytic site (49). Moreover, a point 
mutation in the Walker B motif of NBD2, D1470N, which prevents coordination 
of magnesium at the catalytic site and decreases ATPase activity in NBD2 (43), abol- 
ishes the effect of orthovanadate on Katp channel gating (49; Figure 4A). Prevent- 
ing intrinsic ATPase cycling, by replacement of ATP with non-hydrolyzable analogs. 
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diadenosine pentaphosphate or AMP-PNP, also precludes orthovanadate-induced 
Katp channel opening (49). In contrast to orthovanadate, beryllium-fluoride which 
arrests the ATPase cycle in a prehydrolytic conformation does not reduce the sen- 
sitivity of Katp channels to ATP (49; Figure 4B and 4C). Rather, channels that are 
active in the presence of ADP are inhibited by complexing of beryllium-fluoride 
with MgADP at SUR (49; Figure 4C). The inhibitory effect of MgADP BeF^ 
requires not only the divalent cation, but also an intact NBD2 ATPase and is abol- 
ished by the D1470N mutation in SUR (49; Figure 4C, 4D). Thus, formation of 
SUR^"^' MgADP *Vi, a posthydrolytic transition state, translates into positive gating 
characterized by a reduced sensitivity of Katp channels to ATP (49). Stabilization of 
SUR^ MgADP BeF^, a prehydrolytic conformation (SUR^ MgATP), enhances 
closure of the Katp channel defining negative channel gating (49; Figure 6A). 

Therefore, an intact NBD2 ATPase function is required for recruitment of 
transitional conformations driving ATP-dependent gating of the Katp channel 
complex (Figure 6A). In addition, an intact NBDl is mandatory for NBD2 ATPase- 
dependent Katp channel gating (40). Stabilization of ATP at NBDl depends on, 
and simultaneously promotes engagement of NBD2 into a MgADP-bound confor- 
mation required to counteract ATP-induced pore closure (40). Thus, rather than 
individual components of the regulatory subunit, it is the functional tandem formed 
by NBDl and NBD2 that drives SUR-mediated nucleotide-dependent gating of 
the Katp channel complex (40). 

In contrast to transporters that spend the energy of hydrolysis to transport com- 
pounds against a chemical gradient (55), ion channels allow movement of ions down 
an electrochemical gradient. As this does not require energy input, the ATPase in 
channel proteins may not fuel the process of ion permeation, but rather serve as an 
internal signaling system contributing to channel gating (49). In fact, when MgATP 
is continuously hydrolyzed at NBD2 of SUR, ATP interacting with Kir6.2 in a 
magnesium-independent manner keeps the pore closed (49). It is only arrest of the 
SUR ATPase in a posthydrolytic conformation that antagonizes ATP-induced pore 
closure (49). This may indicate that the energy of hydrolysis is utilized to support 
ATP-induced Katp channel inhibition. However, this is not the case as channel 
closure can be induced by arrest of the ATPase cycle in a prehydrolytic conforma- 
tion (49) . Rather, the ATPase supports transit through a spectrum of conformations 
required for transmission of different signals to the Katp channel pore via a single 
transduction pathway mediated by the SUR unit. Selection of a specific confor- 
mation from the spectrum at the regulatory unit would ultimately define channel 
behavior. Thus, the spectrum of ATPase-driven conformational intermediates, with 
different potential outcomes on channel gating, endows SUR with positive or neg- 
ative regulation of ion permeation through Katp channels. 

ATPase CYCLE AND Katp CHANNEL REGULATION BY 
POTASSIUM CHANNEL OPENERS 

The ability of SUR to secure pluripotent gating of the Katp channel pore can be 
exploited by modulating the lifetime of specific conformations during the ATPase 
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Figure 5. Modulation of SUR ATPase activity- by the creatine kinase reaction (ADP + CrP <-> ATP 
+ Cr). (A) Creatine phosphate/creatine kinase (+CrP/CK) promoted hydrolysis of y-labeled ( ’"P|ATP 
in NBD2 constructs, but not in MBP alone. (B) I 'ppcr tnicc: In inside-out patches, ADP-mduced 
opening ot cardiac Kati- channels was reversed folkm ing application of exogenous creatine kinase acti- 
vated by creatine phosphate. Middle trace-. The potassium channel opener, rilmakalim, vigorously acti- 
vates ATP-inhibited Ka,ti> channels, an effect reversed through activation of the ADP-scavenging 
creatine kinase system following application of the reaction substrate, creatine phosphate (CrP) in 
open-cell attached patches. Under this condition, endogenous creatine kinase remains within the cell 
amenable to regulation. Lower trace: C)rtho-V (1 inM) induced opening of Kati> channels (in the pres- 
ence of 1 mM ATP) in open-cell attached patches was abolished on removal of the ATPase product, 
ADP, by intracellular creatine kinase activated using 2mM creatine phosphate (CrP). Preventing 
ATPase-induced ADP formation by replacement of ATP with the non-hydrolyzable analog AMP-PNP 
also antagonized ortho-V induced channel opening. Adapted from ref. 43 and 49. 




Figure 6. Conformations m the SUR ATPase cycle associated with closure and opening of Ka^-n) 
channels. A “bird’s eye view” of the hetero-octameric channel complex, composed of four Kir6.2 
pore-forming and four SUR regulatory subunits, undergoing conformational transitions during the 
ATPase cycle. (A) Distinct transitional states during ATP hydrolysis can be captured by y-phosphate 
analogs in the presence of MgADP. Beryllium-fluoride (BeFJ stabilizes a prehydrolytic conformation 
associated with negative channel gating. Orthovanadate (V,) stabilizes a posthydrolytic conformation 
associated with positive channel gating. Removal of ADP by the creatine kinase system (cytosolic CK 
and mitochondrial miCK) facilitates ATPase cycling, providing cross-talk between the intrinsic channel 
catalytic activity and cellular enzymatic pathways. High intracellular levels of creatine phosphate 
support ADP to ATP conversion at the channel site, and promote initiation of the ATPase cycle 
keeping K^tp channels closed. A drop of intracellular creatine phosphate, as it occurs under metabolic 
stress, reduces the ability of creatine kinase to scavenge ADP. This would facilitate stabilization of the 
MgADP-bound posthydrolytic conformation and Katp channel opening. For simplicity of this scheme, 
the ATPase activity is presented as a collective property of the SUR module without ascribing specific 
functions to individual nucleotide binding domains. (B) Under metabolic stress, uncoupling of mito- 
chondria promotes the F,F, -ATPase activity which through adenylate kinase (AK) favors ADP accu- 
mulation at the channel site increasing the lifetime of the SUR posthydyrolytic conformation 
associated with K^jp channel opening. 






ATP-Sensitive Channel/Enzyme Complex 175 



cycle. Potassium channel openers (KCO) are powerful Katp channel activators that 
bind to SUR (56-59), and modulate channel ATPase activity (43). Mutations in 
Walker motifs of NBD2, that reduce the ATPase activity, diminish the efficacy of 
potassium channel openers to activate Katp channels (39,43,58,59). In fact, it has 
been proposed that KCO stabilize SUR in a MgADP bound state (39,44). 

Using y-phosphate analogs to dissect transitions associated with Katp channel 
gating, the molecular pharmacodynamics of pinacidil, a prototype KCO (60) was 
demonstrated (49). Arrest of the ATPase cycle, by beryllium-fluoride in a prehy- 
drolytic transition state, prevents pinacidil-induced Katp channel activation. Trapping 
the ATPase cycle in a posthydrolytic conformation by orthovanadate does not 
prevent but rather potentiates the effect of the KCO (49). The efficacy of pinacidil, 
lost during blockade of the ATPase cycle by the non-hydrolyzable AMP-PNP, is 
rescued with bypass of inhibited hydrolysis by supplying the ATPase product, 
MgADP (49). Thus, entry of SUR into posthydrolytic conformations plays a per- 
missive role in mediating the action of potassium channel openers. In a normally 
operating ATPase cycle, transit through the posthydrolytic state allows potassium 
channel openers to target this conformation. In turn, conformational changes during 
ATP hydrolysis may define the affinity of ligands for SUR, as proposed for the 
ATPase cycle in other ABC proteins (61,62). Specifically, the slow off-rate of 
openers in the presence of magnesium nucleotides (59) suggests that engagement 
in the posthydrolytic conformation may stabilize potassium channel opener binding. 
Thus, KCO-induced Katp channel opening relies on the lifetime of posthydrolytic 
conformations in the SUR ATPase cycle. 

CELLULAR METABOLISM REGULATES ATPase CYCLING AT SUR 
AND ASSOCIATED Katp CHANNEL GATING 

Identification of conformations during ATP hydrolysis associated with Katp channel 
gating raises the question of integration of this catalytic cycle in cellular metabolic 
sensing. The product of ATP hydrolysis, MgADP, suppresses ATPase activity at 
NBD2 (49). In principle, cytosolic ADP, which reaches the hundred- micromolar 
range under metabolic stress (63,64), would be sufficient to decelerate the ATPase 
cycle prolonging the lifetime of posthydrolytic states (49). However, in the highly 
compartmentalized intracellular environment of the cardiomyocyte, membrane 
ATPases constantly reduce local ATP concentration setting the submembrane 
ATP/ ADP ratio distinct from that of the “bulk” cytosol (1,63-65). Such compart- 
mentalized nucleotide fluctuations (64,66) hamper proper recognition of cellular 
signals. The extremely low diffusional flux of nucleotides in the subsarcolemmal 
space, due to molecular crowding and reduction in the free diffusional space 
(64,66-69), virtually secludes Katp channels from cellular “bulk” nucleotide oscilla- 
tions (69-71). Due to such “fuzzy space” in the submembrane (66), channel gating 
would be relegated to local fluctuations of nucleotides (“metabolic background 
noise”), independent of the actual cellular metabolic status (71). 

Since random fluctuations in adenine nucleotides distort energetic signaling, 
catalyzed phosphotransfer circuits are required to control exchange of nucleotides 
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between the subsarcoleminal and cytosolic compartments securing proper signal pro- 
cessing. Cells with high and fluctuating energy demands, such as cardiomyocytes, 
possess well-defined phosphotransfer systems that facilitate energetic signaling 
between sites of ATP-production and ATP-utilization/sensing (72,73). One of the 
most vigorous ATP regenerating system in heart muscle is mediated through crea- 
tine kinase phosphotransfer (71,72). Activation of creatine kinase promotes the 
ATPase reaction at NBD2 of SUR (49; Figure 5A). In this way, the intrinsic ATPase 
activity of the Katp channel can be regulated through nucleotide exchange with 
cellular phosphotransfer reactions (43,71). Moreover, creatine kinase, activated by 
creatine phosphate, efficiently reverses Kati> channel opening induced by stabiliza- 
tion of the MgADP-bound conformation (43,49,71; Figure 5B). Thus, in the cell, 
nucleotide flux through creatine kinase sets the turnover rate of the intrinsic ATPase 
cycle and thereby regulates K^tp channel gating (Figure 6A). 

Indeed, the dynamics of creatine kinase flux closely follow total ATP turnover, 
in line with tight coupling of creatine kinase phosphotransfer and the cellular meta- 
bolic state (71,74,75). Present throughout the cell, creatine kinase reactions form a 
phosphotransfer relay able to rapidly respond to changes in the cellular metabolic 
state and efficiently propagate metabolic waves between cellular compartments 
(9,71-76). Such catalyzed phosphotransfer delivers metabolic signals at a rate 
exceeding simple diffusion (9,74,76). Accordingly, under the normal status of cell 
metabolism, vigorous creatine kinase phosphotransfer dissipates local nucleotide 
gradients created by membrane ATPases and diffusional restrictions in the channel 
environment, facilitating ATPase cycling and keeping Katp channels predominantly 
closed (9,71,72). Under metabolic stress, however, reduced creatine kinase phos- 
photransfer is not sufficient to maintain continuous ADP to ATP regeneration at 
the channel site leading to stabilization of the MgADP-bound conformation, Katp 
channel opening, and adjustment of membrane excitability (71,72). 

Reduced creatine kinase flux under metabolic insult is associated with up- 
regulation of adenylate kinase phosphotransfer, which catalyzes conversion of ATP 
to ADP at the channel site (9,74; Figure 6B). Such interplay between phospho- 
transfer pathways amplifies the metabolic signal, translating into Katp channel 
opening and ultimately into shortening of the cardiac action potential under stress 
(8,9,28,71). Efficient integration of the SUR ATPase cycle with cellular metabolic 
oscillations is facilitated as phosphotransfer enzymes are found anchored in the inti- 
mate environment of the Katp channel complex (9,49,71,77,78). Genetic deletion 
of creatine kinase or adenylate kinase pathways generates a phenotype with com- 
promised signal communication to Katp channels leading to increased electrical 
vulnerability and/or disrupted adequate metabolic sensing (9,71). Thus, an intact 
phosphotransfer network is a prerequisite for optimal decoding of energetic signals 
and the integration of the metabolic sensor with cellular metabolism. 
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Summary. Dye leakage is a major problem for experiments used to measure cytosolic pH 
that last over several hours. The ratio of epifluorescence (Fl 5 o,)/Fl 44 o, 540 nm emission) of the 
pH indicator 2',7'-bis(carboxyethyl)-5,(6)-carboxyfluorescein (BCECF) changes with time 
when it is loaded in the tissue. This change is enhanced by experimental protocols with large 
changes in pH and is probably due to dye leakage from the cells. Measurements of cyto- 
solic pH (pH,) which are performed long before the calibrations, are hence rendered 
unreliable. We describe a calibration technique for measuring pH, during long experimental 
protocols performed on canine right ventricular trabeculae loaded with BCECF. The equa- 
tion was modified to calculate pH, according to the intracellular concentration of dye present 
during each measurement. This concentration-based correction compensates for dye leakage 
during long experiments. Fluorescence was measured simultaneously with isometric twitch 
tension. With this technique we show that prolonged acidification (45 minutes) in the pres- 
ence or absence of bicarbonate in the buffer medium did not produce significant irreversible 
damage to the ventricular trabeculae as judged by developed isometric contractile tension, 
which was measured simultaneously. 
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INTRODUCTION 

Intracellular pH affects enzymes and membrane proteins and can profoundly 
modulate cellular function (1,2,3). Many techniques are available to measure pH„ 
some only provide data on steady state events due to long equilibration periods. 
Where fast time-resolution is needed, such as with reperflision-induced damage that 
occurs within minutes after reperfusion is started, pH-sensitive dyes (of which flu- 
orescent dyes are the most sensitive) and microelectrodes are used. Nuclear mag- 
netic resonance of 31 -phosphate is useful for larger sample sizes. 

pH microelectrodes have been used to measure pH, in single cardiac myocytes 
and to measure pH, simultaneously with contractile tension in multicellular prepa- 
rations (4,5). Measurement of cytosolic pH of rapidly contracting tissues, with 
microelectrodes, is complicated by tissue movement causing the cell to move away 
from the tip, or breaking the fragile tip. The use of fluorescent dyes, such as BCECF, 
SNARF-1 provides a means of measuring pH, in contracting tissue without the risk 
of breaking or plugging the tip of a microelectrode. The dye BCECF (2',7'-bis(car- 
boxyethyl)-5,(6)-carboxyfluorescein) has been used to measure cellular pH simulta- 
neously with cell shortening (6) or tissue contraction (7). 

BCECF may be loaded into a single cell via an injection microelectrode, or into 
many cells at once via the permeant acetoxy methyl ester form of the dye, BCECF- 
AM. Compartmentalization of BCECF has been shown not to occur (8). Although 
measurements with BCECF are stable in vitro and were originally assumed to be 
stable in the intracellular environment (9), there are indications that photobleach- 
ing and leakage of the dye from the cells can occur (10,11). This decrease in fluo- 
rescence over time makes quantitative experimental protocols of longer duration 
difficult to perform. A calibration method that is dependent on the amount of dye 
left in the cells has been described for smooth muscle (12). However, this approach 
does not work reliably with cardiac muscle and had to be modified. In other cell 
types, an acid transporter has been found to be responsible for the extrusion of the 
dye from the cytosol (13). Although there is no direct evidence for such a trans- 
porter in cardiac myocytes, a blocker of the transporter has been used with some 
success (7). Such a blocker could affect the observed pH,. The objective of this study 
was therefore to develop a technique to assess cellular pH, that compensates for dye 
leakage seen in cardiac tissue during long experimental protocols. This was accom- 
plished by adjusting the in situ calibration curves of BCECF in cardiac tissue at the 
time of measurement. This adjustment was based on the amount of dye present 
inside the cells at the time of each measurement. The method was developed with 
tissues made permeable to H^ with nigericin in a high-potassium solution (pH- 
clamped). 

The method was verified with intact, non-permeablized canine ventricular tra- 
beculae. Ischemia is commonly simulated in vitro by slowing or stopping perfusion 
thereby producing hypoxia and acidosis by modifying many parameters at once. 
Measurements of intracellular pH during ischemia-reperfusion have led to contro- 
versy over the mediators of cardiac tissue damage in ischemia-reperfusion experi- 
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merits (5,14,15,16,17). One of the possible reasons for discrepancies in the litera- 
ture is the use of different buffering systems in the experimental protocols. We mea- 
sured the effect of acidification on pH, and tension recovery in the presence and 
absence of bicarbonate in the buffer medium. The results show that in either buffer 
medium, prolonged intracellular acidification (45 minutes) with lactic acid or hyper- 
capnia did not produce significant irreversible damage to the ventricular trabeculae, 
as judged by developed isometric contractile tension or intracellular pH. 

METHODS 

Preparation 

Mongrel dogs of either sex were anaesthetized using 60 mg/kg pentobarbital and 
their hearts were removed via a lateral intercostal incision. The hearts were placed 
in cold Krebs-Henseleit solution and free-running trabeculae (1 mm thick) were 
removed from the free wall of the right ventricle. The muscle was isometricaUy 
suspended in a horizontal bath of a Jasco model TI02 tissue fluorescence measur- 
ing assembly with the light beam from a Jasco model CAP 100 intracellular ion ana- 
lyzer (Jasco Inc., Easton, Maryland) focused on its undersurface. One end of the 
trabeculae was tied to a Grass FT03 force transducer (Grass Instrument Co., Quincy, 
Mass.), and the other end was anchored to the horizontal bath. Stainless steel stim- 
ulation electrodes were placed on either side within 5 mm of the muscle to provide 
field stimulation at a site away from the light beam. The muscles were stimulated 
at 0.3 Hz with a voltage 50% above threshold. The 3 X 5 cm horizontal bath had 
an aeration inlet and re-circulation inlet and outlet; it was kept at 37°C with a 
Peltier effect thermoelectric device. The solutions were re-circulated at 25ml/min 
to external water-jacketed reservoirs at 37°C. A temperature probe and miniature 
pH probe (MI 404, M440, Microelectrode Inc., Londonderry, NH) were placed in 
the bath adjacent to the muscle. 

Equipment 

Light from the 50 Watt lamp of the Jasco CAP 100 fluorimeter passed through a 
rotating filter assembly which placed either a 440 nm or 500 nm filter into the light 
path. The incident light was reflected from a mirror on the Jasco TI02 and focused 
on the muscle surface through a quartz glass window. Epifluorescence returned 
along the same path and was reflected from a mirror through a 540 nm filter, and 
focused on the photomultiplier tube (PMT) of the Jasco CAP 100 for measurement. 
Fluorescence emission at each excitation wavelength (FI500, Pl44o)» fluorescence ratio 
(FI500/FI440), tension, temperature, and pH were measured simultaneously and 
recorded on a six-channel chart recorder (model SE-400, BBC-Metrawatt/Goerz, 
Broomfield, Colorado). 

The fluorescence spectra (Figure 1 only) were scanned with a Perkin-Elmer 
Fluorescence Spectrophotometer (model LS-5, Oak Brook, Illinois) using a 5 mm 
slit width. The sample chamber of the Spectrophotometer was adapted to accom- 
modate an aeration tube and tissue suspension hooks inside a 1 cm square cuvette. 




415 


Excitation Wavelength (nm) 


515 


415 


Excitation Wavelength (nm) 


515 




BCECF in tissue 






BCECF in tissue 





Figure 1. Fluorescence scans of BCECF were done in a Perkin Elmer Spectrofluorimeter. Excitation 
spectra between 415nm and 515nm are shown with emission measured at 540 nm. Scans were done 
with a 5 mm slit width and Hght intensity was plotted in arbitrary units as a function of wavelength 
(A,). Arrows indicate FI440 at 440 nm and FIsjx) at 500 nm. HEPES buffer solution was maintained at 
37°C. A. The fluorescence excitation spectrum of a ventricular trabeculum at pH 7.45 before (O') and 
after the addition of 8|lM BCECF- AM for 30 minutes (30'), 45 minutes (45'), and 95 minutes (95'). 
The excitation peak in the tissue was at 507 nm, and in buffer at 502 nm. Inset: The emission scan 
from 510nm to 610nm with excitation at 500 nm. Spectra are shown from tissue alone (O') and with 
BCECF-AM (95') at pH 7.45. Arrows indicate FI300 at 540 nm. The emission peak in the tissue was 
at 532 nm, and in the buffer at 527 nm. B. Fluorescence excitation spectrum of a trabeculum loaded 
with BCECF at pH 7.78, 6.62, and 4.30. The isosbestic point occurs at 463 nm. Inset: 0.58 |lM 
BCECF free acid in a buffer of cytosolic electrolyte concentrations at pH 6.78 and pH 5.92. The 
isosbestic point occurs at 415nm. 



Dye loading 

The tissues were bathed in re-circulating Krebs-Henseleit (Bicarb) solution or 
Krebs-HEPES (HEPES) solution (5 ml bath volume, 20 ml total re-circulating 
volume). After equilibration at optimal preload tension in either Bicarb or HEPES 
solution, bubbled with either 95% O 2 — 5% CO 2 or 100% O 2 respectively, at 37°C, 
the muscles were exposed to a final concentration of 8 )iM 2',7'-bis(carboxyethyl)- 
5,6-carboxyfluorescein acetoxy methyl ester (BCECF-AM). Intracellular esterases 
cleave cytosolic BCECF-AM and trap BCECF free acid inside the cells. BCECF 
in buffer solution has a peak emission at 540 nm when excited at 500 nm (FIsoo)- 
This fluorescence is pH sensitive, exhibiting higher intensity at higher pH values. 
Fluorescence at 540 nm emission with 440 nm excitation (FI440) is not pH sensitive 
in the buffer and may be used as an indication of dye concentration. BCECF-AM 
does not contribute to the fluorescence at FI 500 or FI 440 , hence liberation of free 
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BCECF acid inside the cells results in an increase in FI440. In one to two hours, 
the cells in the trabeculae were loaded with BCECF after which the tissues were 
washed with five changes of fresh solution over 30 minutes to remove any BCECF- 
AM and BCECF from outside the cells before any experiments were performed. 
Autofluorescence accounted for 12% ± 1% of the total signal at 500 nm (n = 9) and 
75% ± 3% at 440 nm. Autofluorescence was subtracted from the total fluorescence 
measurements. 

Experimental protocol 

BCECF free acid, untreated trabecular tissue, or BCECF-loaded tissue was added 
to, or mounted in a cuvette containing oxygenated HEPES-buffered medium 
and their excitation and emission fluorescence spectra were obtained using the 
Perkin-Elmer Spectrophotometer. The unstimulated muscles were stretched to 0.5 
to 0.7 grams preload tension. The progression of loading after the addition of 8 |iM 
final concentration of BCECF-AM was monitored in two tissues by performing 
multiple scans over a 95 minute period. Spectral scans were also obtained in 
HEPES-buffer acidified with acetic acid or alkalinized with NaOH medium to dif- 
ferent pFI values. A similar protocol was performed in the absence of trabeculae: 
five different concentrations of BCECF free acid in an intracellular electrolyte solu- 
tion (120mM KCl, ImM MgCl2, 25 mM HEPES, pH 7.00) were exposed to dif- 
ferent pH values and fluorescent spectra were scanned. 

In separate experiments, different concentrations of BCECF free acid were added 
to a solution of intracellular electrolytes (contents above) in the Jasco CAF-100. 
Fluorescence measurements were made (540 nm emission with 440 nm or 500 nm 
excitation) at different medium pH values (with NaOH/HCl). During calibrations, 
the muscles were pH-clamped using 4.5 pM nigericin and 80 mM potassium (12,18). 
The dye fluorescence was measured at steady state after changing the pH of the 
bathing solution. Calibrations were performed at various times between 1 and 16 
hours after loading with BCECF. Four tissues were subjected to repeated calibra- 
tions at various times over a 12 hour period. One tissue was tested 24 hours after 
loading with BCECF. Calibrations were also performed using 4.5 pM nigericin and 
different KCl concentrations for each pH calibration. In two trabeculae the medium 
pH and 4.5 pM nigericin were maintained constant and KCl was added in 40 mM 
concentration steps. 

Solutions 

Bicarbonate-buffered solutions contained (in mM): NaCl (118), KCl (4.7), MgS04 
(1.2), KH2PO4 (1.4), Glucose (11), NaHC03 (26), CaCb (2.5). HEPES-buffered 
solutions had the same composition except that NaHC03 was replaced with 25 mM 
HEPES. The pH of the solutions was adjusted to 7.40 with NaOH. Acidification 
was achieved by addition of (+) lactic acid or acetic acid from lOmM stock solu- 
tions, or by bubbling 100% CO2 in the medium. Chemicals were purchased from 
Sigma Chemical Company (St. Louis, MO). 
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Statistics 

Students paired t-test was used to compare the effects of any treatment to control. 
In experiments testing for reperfusion damage, a blocked ANOVA was performed, 
followed by individual analysis using Duncan’s test to find differences between tissues 
in control conditions and those subjected to acidifications, or after the removal of 
the acidification (washout). Slopes were compared using a t-test. Only one tissue 
from each animal was used for this study. Results are expressed as the mean ± S.E., 
n = number of animals in sample. 

RESULTS 

The addition of BCECF-AM to the bathing medium results in incorporation of 
BCECF into the cells of the trabeculae (Figure lA), producing maximal fluores- 
cence emission at 532 nm (Figure lA, inset) with excitation at 507 nm (Figure IB). 
Maximal emission of fluorescence of BCECF free acid in a high potassium intra- 
cellular electrolyte buffer solution occurs at 527 nm when excited at 500 nm (Figure 
IB, inset), therefore there w^as a shift in the peaks to 532 nm emission with 500 nm 
excitation inside the muscle. There was also a shift of the isosbestic point from 
440 nm to 463 nm in the excitation spectra (540 nm emission) (Figure IB). Since 
the isosbestic point is shifted when the dye is intracellular, calibrations must be done 
with BCECF in situ. BCECF free acid was added to the high potassium electrolyte 
buffer solution until the change in FI440 was equal to the average change in FI440 
seen at the completion of tissue loading with BCECF-AM. Cytosolic BCECF was 
estimated to be 0.58 pM. BCECF-AM in solution or solution alone did not exhibit 
pH-dependent changes in fluorescence in the range measured. Before dye-loading, 
tissue exhibited less than 3% of the pH-dependent fluorescence of tissue loaded 
with BCECF. 

Dissociated BCECF" exhibits maximal fluorescence ratio (RMax) whereas BCECF 
H has minimal fluorescence ratio (Rmih)- The proton activity can be calculated by 
equation [1] (19). 



[H*] = K, 



(R-RmJ 



[1] 



F44 o,,^^/F 44 o^^.,„ ratio (the B factor) was calculated at 0.681 for BCECF in situ and 
was not affected by the amount of dye loaded. Since the B factor was a constant, 
it was combined with the dissociation constant, K^, to produce the apparent disso- 
ciation constant, K/. A Henderson-FIasselbalch logarithmic transformation of equa- 
tion [1] yields equation [2] which is used to fit calibration curves. 



pH, = pK: - log 



(RlVlax R) 



(R R.Vlin) 



[2] 
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Figure 2. Multiple calibrations were done with different concentrations of BCECF free acid in high 
potassium intracellular electrolyte solution. A. The steady-state fluorescence ratio (Jasco CAFIOO fluo- 
rimeter) of FI 500 /FI 440 is plotted against pH. The lines are described by a best fit to equation [2] using 
a test (see text). Concentration of free acid is indicated to the right of each plot. B. The parame- 
ters of the best fit Hnes in A, Rjviax and Rmih, are plotted against FI440, representing the amount of dye, 
measured at pH 7.0 during the calibration. Lines were fit by linear regression (■,RMax, = 0.99; •, 
Rm,„, r' = 0.96). 



Figure 2A shows the pH-dependence of the ratio of fluorescence of various con- 
centrations of BCECF free acid in a high potassium intracellular electrolyte medium. 
Calibration curves were constructed by plotting the fluorescence ratios against the 
pFI of the bathing medium, and the data to equation [2] were fitted using a x 
method of least squares. The value of pKa' was found to be 6.968 ± 0.027 (n = 5). 
Since FI 440 may be linearly correlated with dye concentration (r^ = 0.98, data not 
shown), we used FI 440 to represent dye concentration. Different concentrations of 
BCECF in solution produce linearly correlated Rjviax values (Figure 2B; intercept = 
-22.5, slope = 0.202, r^ = 0.988). There is little change in Rmih with the different 
concentrations of BCECF (slope = -0.003, p > 0.05). 

During the course of experiments with BCECF loaded in the trabeculae, FI 440 
showed a slow, progressive decline of about 30% per hour. This decline was also 
observed in the dark after the tissues were left in the recirculating bath for over 
eight hours. The drop in FI 440 was more prominent during acidic to alkaline tran- 
sitions in the bathing solutions. Thus this decrease in FI 440 , or in BCECF, was con- 
sidered to be largely due to leakage of the dye, and not due to photobleaching. 
Since there is a decrease in intracellular BCECF with time, equation [2] needs to 
be corrected to account for dye leakage. 

At the end of each experiment the tissues were pH-clamped with nigericin, 
an ionophore selective for hydrogen and potassium ions, and 80 mM KCl (12,18). 
The calibration curves for three different tissues are shown in Figure 3A. The 
parameters from the best-fit curves in Figure 3A were plotted against the amount 
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Figure 3. Multiple calibrations were done in BCECF-loaded canine ventricular trabeculae pH- 
clamped using 4.5 fiM nigericin and 80 mM KCl. Six calibrations from 3 preparations are shown; 

2 from each tissue. A. The steady-state fluorescence ratio (Jasco CAFUM> fluorimeter) of FIs,*/Fl 44 ., 
is plotted against pH. The lines are described by a best fit to equation [2] using a X' The 

parameters of the best fit lines in A are plotted against the amount of dye loading (FI 44 ,,) measured 
at pH 7.0 during the calibration. Lines were fit by linear regression (#, R\ux, r" — 0.99; A, Rmhi, 
r^ = 0.96). Measurements were corrected for autofluorescence. 



of BCECF loaded in the tissue as indicated by FI440 at pH 7.0 (Figure 3B) showing 
a similar correlation to that seen with BCECF free acid. For each experiment the 
curve had different R.Ma.x and Rm,n values. The apparent dissociation constant (pKa') 
did not change sig^iificantly in different experiments, hence it was taken as a con- 
stant. In our experimental conditions, the mean pK^' from 23 tissues was 7.135 ± 
0.027. As was found with BCECF free acid, R]viax and Rmhi of^ tissue-loaded dye 
were both dependent on the amount of dye loading (Figure 3B). A linear regres- 
sion of RMa.x and of Rmih with FI44,, (plots shown in Figure 3B) yields the correc- 
tion equations [3] and [4]. 

Rm.x =l-652 + .0351 xFl 44 .. (r' =0.989) [3] 

RM.n =0.3196 + .00859xFU. (r' =0.957) [4] 

Rjviax, is more sensitive to changes in BCECF concentration than is Rmih. however 
since the values of both Riviax and Rmio are important in equation [2], both cor- 
rection equations were incorporated into the calculation of pH,. The corrected 
formula for the calculation of pH, incorporates equations [3] and [4] into equation 
[2] to yield equation [5]. 



pH, =7.135 -log 



(1.652 + 0.0351 XFI 440 -R) 
(R-0.3196-0.00859xFl44n) 



[5] 
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Due to the shift in the isosbestic point, the value of FI440 was also pH- 
dependent. The slopes and intercepts of the correction equations [3] and [4] are 
pH-dependent. Since the magnitude of the changes in FI440 with pH is small we 
assumed this variation to be insignificant. To calculate the amount of error pro- 
duced by this assumption, we re-plotted the slope and intercept data in Figure 3B 
using FI440 values measured at different medium pH values ranging from 6.5 to 8.5. 
The slopes and intercepts in equations [3] and [4] were themselves linearly corre- 
lated with pH (data not shown). The assumption that FI440 is not pH-dependent 
results in an error of 0.027 per calculated pH unit using equation [5] in the range 
of pH 6.5 to 8.5. The pH, predictions using this equation would hence have a vari- 
ability of 0.055 per unit of pH, (contributed to by the pH-dependence of FI440 and 
by the variability in pK/), i.e.: 94.5% confidence. In the absence of any corrections 
for dye leak (using equation [2]), the calculated pH, values were off by as much as 
4 to 5 pH units if the measurement was made a few hours before the calibration. 

Figure 4 shows the effect of changing potassium concentration on the calibra- 
tion curves of tissue with 4.5 jiM nigericin. In the same tissue, three consecutive 
calibrations were performed with different concentrations of KCl. Although there 
was a decrease in Riviax related to dye leakage, there was no change in the calcu- 
lated pK/ with 40 to 120mM KCL In a separate experiment on the same prepa- 
ration but with pH was held constant, KCl concentration was increased from 40 to 
140mM in 20 mM steps (Figure 4, inset). Fluorescence of BCECF-loaded tissue was 
not appreciably affected by different concentrations of KCl between 80 and 
120mM. Similar results were observed in two tissues. The use of a high-potassium 
solution of intracellular electrolytes, instead of adding KCl to HEPES-buffered solu- 
tion, did not produce a calibration curve different from that done with the muscle 
in HEPES-buffered solution with KCl added. 

To verify that we were in fact measuring cytosolic pH, NH4CI experiments were 
carried out. In six experiments using five different dogs, ammonium chloride 
changed the intracellular pH without affecting the extracellular pH (Figure 5, pH^, 
second trace from top). In bicarbonate-buffered solutions, it was difficult to change 
solutions without a small change in pH of the bathing solution, hence there was a 
small shift in extracellular pH (pHJ, but pH, did not follow the changes in pH^. 
Upon addition of lOmM NH4CI there was an immediate alkalization of the cytosol, 
followed by positive inotropy (Figure 5). After washout of NH4CI there was an 
immediate acidification of the cytosol, and a return of pH, and twitch tension to 
pre-exposure level. Similar observations were made in HEPES (Figure 5A) and 
bicarbonate-buffered (Figure 5B) Krebs solutions. 

The dependence of pH, on pH^ was found by changing pH^ either with CO2 or 
acetic acid (Figure 6). In Bicarbonate-buffered solutions, with each addition of acetic 
acid there was a rapid transient drop in pH„ followed by a return to steady state 
showing a relatively small acidification of the medium (Figure 6B). With the same 
tissue in HEPES-buffered solution each addition of acid had a less pronounced effect 
on pH„ and pH, (Figure 6A). Although pH, appears to decrease more in bicar- 
bonate-containing buffer, with each transient acidification a further drop in FI440 
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Figure 4. Multiple calibrations were done in BCECF-loaded canine ventricular trabeculae pH- 
clamped using 4.5|iM nigericin. Three calibrations from the same tissue are shown. The steady-state 
fluorescence ratio (Jasco CAFIOO fluorimeter) of Fl 5 f^/Fl 44 „ is plotted against pH. Different concentra- 
tions of KCl were used in each curve (■, 40mM; •, 80mM; A, 120mM). The lines are described by 
a best fit to equation [2] using a test. Lines dropped to the pH axis indicate pKa of each curve. 
Rmix^ and Rjvim show dye leak-related changes. Inset shows the dependence of the steady-state fluo- 
rescence ratio on KCl concentrations (pH was kept constant at 6.96) stepped up to 140mM. 



was observed, suggesting a leak of the dye. The dye leak is also indicated by the 
relative difference between the ratio trace and the tension trace since cytosolic acid- 
ification would be reflected in the twitch tension. 

The slopes of the dependence of pH, on pH,, were collected from the six prepa- 
rations acidified with CO 2 or five tissues acidified with acetic acid (Table 1). There 
was no difference between the slopes of pH, as a function of pH„ in bicarbonate 
buffer or in HEPES buffer, but the slopes of pH, as a function of pH^ in tissues 
acidified with CO 2 were less than in those acidified with acetic acid (p < 0.003 in 
bicarbonate buffer; p < 0.09 in HEPES buffer; n = 5, steady-state pH from paired 
data was used for analysis). The slope of tension as a function of pH„ was not sig- 
nificantly changed by the different modes of acidification (with acetic acid or with 
CO 2 ) but was less pH-dependent in the bicarbonate buffer (slope of 0.80 ± 0.094, 
n = 5, with CO 2 ; 0.857 ± 0.128, n = 4, with acetic acid; tension normalized at pH 
7.4) as compared to HEPES buffer (1.465 ± 0.196 with CO 2 ; 1.051 ± 0.125, 
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Figure 5. Sample tracings show the effects of a short pulse of NH4CI (lOmM) on the measured 
parameters of the function of canine ventricular trabeculae in A. HEPES-buffered medium and B. 
bicarbonate-buffered medium. Lines from top to bottom represent temperature (Temp), pH of the 
bathing solution (pHJ, FI440, FI500, cytosolic pH (pH,), and tension. Calibration bars from top to 
bottom describe pH„, pH„ and tension. Similar results were found in 6 experiments with 5 tissues 
from different animals. 



n = 4, with acetic acid). Acidification with hydrochloric acid produced results similar 
to those with acetic acid. pH was easier to titrate with acetic acid. 

The effect of acidification on tissue function is shown in Figures 7 and 8. The 
muscle strips in medium buffered at pH 7.442 ± 0.023 had pH, values of 7.240 ± 
0.054. The tissues were then subjected to acidification by CO 2 (n = 4 in bicar- 
bonate buffer, n = 5 in HEPES buffer) or by lactic acid (n = 5 in bicarbonate buffer, 
n = 6 in HEPES buffer) for 45 minutes. Figure 7 shows data from a typical exper- 
iment during C02-acidification in HEPES- and Bicarbonate-buffered media (Figure 
7A and B respectively). pH, and tension both decreased rapidly following acidifica- 
tion. The twitch tension recovered slightly (22% ± 10% of the lowest tension im- 
mediately after acidification, n = 13) during the 45 minutes acidification even 
though the pH, did not recover during the same period. pH, was more difficult to 
control in bicarbonate-buffered medium when CO 2 was used for acidification. pH„ 
returned to control levels upon removal of the excess CO 2 . In both bicarbonate 
buffer and HEPES buffer, the replacement of the acidic medium with medium at 
control pH resulted in an initial transient positive inotropy as compared to control 
followed by a steady state level not different from control (n = 11). The results from 
similar experiments in bicarbonate-buffered or HEPES-buffered solution are shown 
in Figure 8A and B respectively. Re-alkalization of the bathing medium to control 
pH resulted in a return of all parameters to pre-test values (p = 1). 
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40 min 



Figure 6. Sample tracings show the effects of a progressively increasing concentration of acetic acid 
on the pH, and tension from one canine ventricular trabeculum bathed in A. HEPES-buffered 
medium and B. bicarbonate-buffered medium. Acetic acid was added to the bathing solution in small 
steps Ac) to acidify the medium. From top to bottom, the tracings and calibration bars represent 
pH of the bathing solution (pH^), ratio of fluorescence, and tension. Steady-state values of pH„ and 
pH, are shown over the trace for each step. 



DISCUSSION 

Fluorescent dyes such as BCECF are used to measure pH, in cardiac trabeculae 
simultaneously with tension. BCECF leaks out of the cells of the tissue, making 
long experimental protocols difficult to perform. Previous studies have shown a slow 
time-dependent decrease in FI440 (10,11,12), but few have investigated the reasons 
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Table 1. Change in pHi per change in pHo 



Medium 


Acidification 


Mean ± SEf 


(n) 


P* 


Bicarb. 


CO 2 


0.375 ± 0.045 


(6) 1 


<0.003 


Bicarb. 


Acetic Acid 


0.727 ± 0.074 


(5) J 


HEPES 


CO 2 


0.541 ± 0.089 


(6) ' 


<0.09 


HEPES 


Acetic Acid 


0.593 ± 0.104 


(5) , 



* Statistics were performed on paired data, n = 5. 

t Values from each experiment were calculated as the slope of the plot of 
pHi against pHo. 




45 min 



Figure 7. Sample tracings from one canine ventricular trabeculum exposed to a period of acidosis. 
In the presence of A. HEPES-buffered medium and of B. bicarbonate-bufiered medium, CO 2 was 
bubbled in the medium to maintain pH^ at pH 6.65 for 45 minutes. Traces from top to bottom rep- 
resent medium pH (pHJ, ratio, and twitch tension. Steady-state values of pH„ and pH. are shown for 
control pH, acidic medium, and after a wash with medium at control pH. 



for this phenomenon. We also observed a similar slow decrease in fluorescence with 
time, which was accelerated with acid to base transitions. We describe a method for 
correcting the calibrations to account for this dye leakage. This technique estimates 
pH, more closely during long experimental protocols using cardiac trabeculae. We 
investigated the recovery of pH, simultaneously with tension after 45 minutes of 
acidification with a high concentration of CO 2 and with the addition of lactic acid 
in bicarbonate- and HEPES-buffered media. We could not observe tissue damage 
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A B 




Figfure 8. The canine ventricular trabeculae were acidified with CO 2 (E3, +CO 2 ) (see Figure 7) or 
with the addition of lactic acid (A, +Lac) in the presence of either bicarbonate buffer (A) or 
HEPES-buffer (B). Data reported as change from control (A[pH]o, A[pH];, and A%Tension) in the 
presence of acid and after its removal {-CO 2 , -Lac). Measurements were performed at steady-state. In 
all conditions, acidification of pH,, produced significant acidification of pH, and significant reduction 
in tension (p values in parentheses). Removal of the acidic conditions after 45 minutes resulted in a 
return of all parameters to pre-acidic values. In control conditions, the bathing medium pH was 7.442 
± 0.023, cytosolic pH was 7.240 ± 0.054 and tension was taken as 100% (n = 20). (n = 4 in bicar- 
bonate buffer acidified with CO 2 , n = 5 in HEPES buffer acidified with CO 2 , n = 5 in bicarbonate 
buffer acidified with lactic acid, n = 6 in HEPES buffer acidified with lactic acid) 



caused by the acidification and realkalinization as judged by the recovery of gen- 
erated tension and of pH„ which was complete. 

The calibration of BCECF in situ was previously found not to be different from 
that of BCECF in buffer (20). We observed a shift in the excitation and emission 
peaks, and in the isosbestic point, a phenomenon that has been observed by others 
(21). Unpredictable cytosolic ionic strengths and interaction of BCECF with intra- 
cellular proteins may change the in situ fluorescence of the dye (12,22), hence 
calibrations need to be performed with BCECF in situ. In our preparations there 
was leakage of the dye from the cells over time, which caused a slow reduction in 
the ratio. A calibration of BCECF done in a tissue at the end of a long experiment 
is therefore invalid for calculating pH, from a part of the experiment done long 
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before the calibration. The leakage of the dye from the cells was dependent on the 
treatment performed. Transitions from acid to base result in faster dye leakage than 
transitions from base to acid or steady pH maintenance. This suggests the presence 
of an acid transporter on the membrane. Although such a transporter has not been 
described in cardiac tissue, the use of probenecid has been advocated for the pre- 
vention of dye leak from cardiac tissue (7) as well as from other cell types (13). 
FI440 decreases with time even in the absence of any incident light, hence the 
phenomenon is not due to photo-bleaching of the dye, or if any photo-bleaching 
does occur, then the products do not fluoresce at 540 nm when excited at 440 nm 
or 500 nm. This is concluded from the fact that the formula parameters from cali- 
brations done at different times in the same muscle strip (time-dependent decrease 
in cytosolic dye concentration) match the parameters from calibrations done with 
different initial cytosolic dye concentrations. This is also evidence that compart- 
mentalization of the dye does not arise slowly during experiments. We did not 
attempt to further characterize the leakage phenomenon. It has been assumed that 
the only change in time during an experiment with BCECF is a downward shift 
of the calibration curve (10,11), implying that relative changes intracellular 
pH should be reliable regardless of the amount of leakage of the dye. However, 
since RMax changes more than Rmih^ the slope of the linear portion also changes, 
decreasing with dye leakage. If one is to use the calibrations at the end of an exper- 
iment where the amount of dye loaded is low, and extrapolate those values to the 
beginning of the experiment where the amount of dye loaded is high, the extrap- 
olated results are not only offset from the real pH„ but measured changes are exag- 
gerated. As a result of the leakage of the dye, in order to obtain more reliable results 
one must limit the experiment to a short duration, and only relative changes can 
be described unless the calibration is done immediately after the experimental pro- 
tocol. This is limiting to the kind of experiments that could be performed using 
BCECF. Only a few studies have incorporated measurements corrected for the dye 
leakage in smooth muscle (12) or renal tubule cells (16). In our preparation, uncor- 
rected calibration curves consistently gave us an overestimation of both absolute pH, 
values and of relative pH, changes (data not shown). 

The calculated pH, values are most reliable in the range of pH 6 to 8 since beyond 
these values the ratio approaches the asymptotes at Rmio and Rjviax- A linear correc- 
tion for the data in this range may also be used (12) but at the expense of greater 
variability in the results (data not shown). Contribution to the pH, calculation by the 
pH-dependence of FI440 is minimal (0.055 units per pH unit) and was left out of the 
equation by necessity. If anything, the shift in the isosbestic point actually serves to 
make the ratio more sensitive to pH changes since FI440 will change in the opposite 
direction from FI500, producing a larger change in the ratio per change in pH unit. 
The B factor in equation [1] was found to be constant, therefore the apparent 
pK/ did not change with pH. In order to minimize any error in calculated pH„ the 
FI440 values at pH 7.0 were used to find the correction factors. The calculations of 
pHf will be slightly underestimated for pH, values greater than pH 7.0 and slightly 
overestimated for pH, values less than pH 7.0 (up to 0.027 per pH unit). 
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Our medium-to-tissue volume ratio was 4000 : 1 and the muscle surface was 
continuously superfused by rapid flow; hence the contribution of extracellular dye 
to fluorescence was negligible. The ammonium chloride pulse has been used to 
induce transient cytosolic pH changes without affecting extracellular pH. In solu- 
tion NH4CI is in equilibrium with NH3 which freely diffuses through the cell 
membranes. Inside the cells NH3 and NH4 establish an equilibrium, thereby taking 
up H"^ and resulting in alkalization of the cytosol. The removal of the ammonium 
chloride produces the same series of events in the reverse direction, resulting in 
acidification of the cytosol. Experiments with the ammonium chloride pulse 
demonstrated that pH, was being measured independently of pH,,. 

pH, directly affects the force of contraction by interaction of H^ with binding 
sites for Ca^"^ on troponin C (1,24) and by more indirect effects such as on calcium 
release sites (25), potassium channels (26), calcium channels (27), and other mech- 
anisms (24,28,29). The relationship between pH, and cell or muscle contraction has 
been described in detail elsewhere (30,31,32). The buffering capacity of the cells is 
affected by not only membrane events such as the sodium-hydrogen exchanger, 
anion exchangers, and the sodium-dependent anion exchangers, but also intracellu- 
lar enzymes and metabolism. We found that the dependence of pH, on pH„ was 
not contingent on the presence of bicarbonate in the medium. The observation that 
tension is less dependent on pH, when bicarbonate is present in the medium, implies 
some additional role of bicarbonate on tension development which is independent 
of the changes in pH,. 

Ischemia involves many simultaneous events. Thirty minutes of in vitro ischemia 
suffices to produce damage during reperfusion (16,33). Simulated metabolic acido- 
sis, with lactic acid, has been shown histologically to damage endocardium and 
cardiac cells in multicellular preparations (15). Simulated respiratory acidosis, with 
CO 2 , did not result in myocardial damage upon restoration of pH,„ whereas ischemia, 
by stopped flow, produced reperfusion-induced damage (16). Lazdunski et al. (17) 
proposed that ischemia-reperfusion damage was due to calcium overload resulting 
from enhanced sodium-calcium exchange activity in response to a cytosolic sodium 
overload. The sodium overload was proposed to be due to the activity of sodium- 
hydrogen exchange (17,33,34). Although sodium levels increase in cardiac cells 
during acidosis (35,36), the sodium-hydrogen exchanger was found not to con- 
tribute to increased cytosolic calcium concentrations in single cells (37) nor to play 
a role in low-flow ischemic conditions. Furthermore, in our experimental con- 
ditions (decreased pH,,), it is unlikely that the H^ gradient was sufficient to produce 
an increase in Na^ in the cytosol, as has been shown by Vaughan-Jones and Wu (38). 
During ischemic events it is also expected that the Na'^-H'^ exchanger does not 
produce enough of an increase in cytosolic Na"^ to result in Ca“'*’ overload damage 
(39). Perhaps a summation effect is required during reperfusion, combining the 
simultaneous attenuation of sodium pump activity or an increase in Na"^ influx 
through other channels. 

Previous studies have found mild acidosis to be cardioprotective in hypoxia (40). 
Severe acidosis could initiate tissue necrosis (28) whereas mild cytosolic acidosis in 
hypoxic conditions did not produce tissue damage (5). We show that merely chang- 
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ing pH^ by 0.7 units is not sufficient to produce tissue damage. When only acidi- 
fication is imposed on the tissue, the Na^-H"^ exchanger is rarely implicated as pro- 
ducing any damage (39,6,7). It has been found that amiloride protects the heart 
from post-ischemic reperfusion damage, but the Na^-H^ exchanger specific blocker 
EIPA does not (41). Amiloride also inhibits Na"^ channels, Na'^-Ca^^ exchange, and 
other Na^-Ca^"*^ exchange blockers also prevent reperfusion-induced damage (41). 
These data point tovv^ard some mechanism other than the Na^-H"^ exchanger and it 
is difficult to implicate the Na^-H^ exchanger for explaining the increase in cytoso- 
lic calcium during acidosis (24). Hypoxia induces free radical formation on reper- 
fusion that can directly produce tissue damage or cause additional sodium influx 
(14,42). It is therefore more likely that the reintroduction of oxygen may produce 
tissue damage by the liberation of free radicals (42). 

The slight increase in tension during the acidification reflects extra calcium avail- 
able for release from the sarcoplasmic reticulum (SR), but not an increase in cytoso- 
lic resting calcium per se since there was no increase in resting tension. Acidification 
could increase the amount of cytosolic free calcium by displacing it from cytosolic 
calcium-buffering proteins. The free calcium may be sequestered into the sar- 
coplasmic reticulum and increase the amount of calcium available for release (30). 
Another possible reason for the delayed increase in tension during acidification is 
that during cytosolic acidification there is less calcium released from the sarcoplas- 
mic reticulum (25), allowing calcium to accumulate inside the SR. With less calcium 
released from the SR, more calcium will be taken up from the medium, and will 
result in increased calcium storage. The calcium in the intracellular storage sites is 
increased, and this may eventuaUy produce the small increase in twitch tension seen 
during the acidic treatment and may also explain the reactive inotropy upon removal 
of the acid medium when the calcium release channel is disinhibited. 

In summary, the calibration curves for the fluorescence of BCECF must be 
adjusted to compensate for dye leakage from the cells throughout each experiment; 
hence the pH-dependence of the dye fluorescence is dependent on the concentra- 
tion of the dye. These changes are linear such that measurement of FI 440 provides 
the parameters required to correct for the calibrations. Once the correction para- 
meters are determined for a particular tissue type and equipment they could be 
employed in all subsequent experiments requiring pH measurements with the same 
equipment and in the same tissue type. We found that the acidification of the cytosol 
is not by itself responsible for the tissue damage caused by post-ischemic reperfu- 
sion. The presence or absence of bicarbonate in the buffer medium does not change 
the cellular control of pH, during or after acidification. There is an immediate and 
complete recovery of pH, and tension upon removal of the acid load imposed by 
either hypercapnia or lactic acid. 

FOOTNOTES 

List of abbreviations 

BCECF 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein 

BCECF-AM 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein acetoxy methyl ester 
FI 440 Fluorescent Intensity with 440 nm excitation, 540 nm emission 
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FI 500 Fluorescent Intensity with 500 nm excitation, 540 nm emission 

pH, cytosolic pH 

pH„ pH of bathing medium 
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Summary, In this review, attempts are made to establish the role of reactive oxygen species 
as signaling molecules which regulate cellular and molecular basis of ischemic heart disease. 
Ischemia/reperfusion is a classical example for free radical signaling, because partial or mild 
ischemia can lead to the generation of reactive oxygen species (ROS) which simultaneously 
perform execution and repair of the cardiomyocytes. Execution occurs with the death sig- 
naling in which ROS play a crucial role while repair process is mediated by adaptive response 
in which oxygen free radicals function as typical signaling molecules through the activation 
of receptor tyrosine kinases, protein kinase C and MAP kinases as well as induction of redox- 
sensitive transcription factors and genes. 

Key words: Redox signaling, Ischemic heart disease, Ischemia/Reperfusion Injury, Apoptosis, 
Gene expression. Survival and Death Signal, Ischemic Preconditioning, Stress Adaptation. 

INTRODUCTION 

Evidence is rapidly accumulating to support the role of reactive oxygen species as 
intracellular second messengers. The long-held view of oxygen free radicals being 
detrimental to the biological tissues was challenged after the recent discovery that 
these reactive species can function as signaling molecules (1). Involvement of oxygen 
free radicals in mitogenic stimulation of cell as well as growth factor- and cytokine- 
induced signal transduction strongly suggest that the reactive oxygen species func- 
tion as second messengers (2). Moreover, the mitogenic signals mediated through 
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the generation of reactive oxygen species, activate many transcription factors includ- 
ing nuclear transcription factor NFkB and genes including antioxidant enzymes and 
bcl-2 (3). 

A large number of degenerative diseases, including coronary heart disease, have 
been linked with the overproduction of oxygen-derived free radicals. The results of 
many studies, including our own, have demonstrated that excessive production of 
reactive oxygen species in concert with drastic reduction of antioxidant reserve play 
a crucial role in the pathophysiology of ischemic heart disease (4). Myocardial 
ischemia and reperfusion cause the cardiomyocytes to face conditions that shift their 
redox status to undergo a drastic chage subjecting them to oxidative stress (5). Inter- 
ventions with oxygen free radical scavengers or antioxidant therapy have been found 
to be cardioprotective against ischemic reperflision injury (6). 

Recent studies have documented that coronary heart diseases cause cardiomycyte 
death not only by necrosis but also by apoptosis (7). Reperfusion of ischemic 
myocardium results in apoptotic cell death and DNA fragmentation (8). In concert, 
ischemia/reperfusion is associated with the induction of a number of both pro- and 
anti-apoptotic genes and transcription factors (9). Ebselen, a gluthathione peroxi- 
dase mimic, was found to reduce cardiomyocyte apoptosis (10). The hearts from the 
transgenic mice overexpressing GSHPx-1 gene were resistant to ischemia/reperfu- 
sion injury while those from the GSHPx-1 knockout animals, devoid of any copy 
of GSHPx-1, was extremely vulnerable to the cellular injury as compared to wild- 
type controls (11). 

The results mentioned above clearly indicate that cardiomyocyte death induced 
by ischemia/reperflision is redox-regulated and that reactive oxygen species not only 
trigger the cell death but also function as intracellular signaling molecules. This 
review will discuss the intracellular signaling pathways potentiated by the reactive 
oxygen species that lead to the induction of gene expression and apoptotic cell 
death. 

REDOX SIGNALING: ROLE OF MITOCHONDRIA 

A number of sources have been identified for the generation of oxygen-derived free 
radicals in the heart during ischemia and reperfusion which include catecholamine 
oxidation, xanthine dehydrogenase-xanthine oxidase conversion, microsomal respi- 
ratory chain via cytochrome P-450 monooxygenase system and mitochondrial 
uncoupling (12,13). It appears that all of these sources actively take part in the 
process of free radical production, because inhibition of any of these sources can 
reduce the cellular injury to some extent. Mitochondria seems to play a crucial role 
in the process of production and propagation of reactive oxygen species as described 
below. 

Life needs a continuous supply of energy, and cells depend on mitochondriala 
for its production and supply. Hypoxia or ischemia causes rapid energy consump- 
tion by depleting ATP which cannot be readily regenerated because of the absence 
of both glucose and oxygen. The mitochondrial respiratory chain is also a major 
source of reactive oxygen species. Upon reperfusion, ischemic heart mitochondria 
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overproduce hydroxyl radicals (OH ) which can be reduced by pretreating the hearts 
with OH scavengers (14). Reduction of OH is associated with the amiHoration of 
ischemic reperfusion injury suggesting that mitochondrial free radical production 
plays a role in the pathophysiology of cellular injury. We now know that mito- 
chondria play a major role in both necrotic and apoptotic cell death. While partial 
ischemia or hypoxia causes both necrotic and apoptotic cell death, complete 
ischemia can only cause cell necrosis, because a certain amount of ATP is required 
to execute apoptosis. During reperfusion, the permeability transition pore in the 
inner mitochondrial membrane that is normally closed, becomes opened, presum- 
ably due to the influx of Ca^^ and/or oxidants (15). Mitochondria rapidly loses their 
proton-motive force due to the leakage of protons through the mitochondrial per- 
meability transition pore and rapidly hydrolyze cellular ATP resulting in swelling, 
bursting the outer mitochondrial membrane, and releasing cytochrome C and other 
intermembrane proteins, triggering apoptosis. 

It should be clear from the above discussion that mitochondria serve as judge to 
decide whether a cell would live or die, and if die, whether the cell should die of 
necrosis or apoptosis. During partial or reversible ischemia, mitochondria of the car- 
diomyocytes can maintain a certain level of ATP, enough to execute apoptosis and 
simultaneously activate a cascade of enzymes responsible for the repair and preven- 
tion of cell death. Thus, there are two opposing forces existing in the ischemic mito- 
chondria, one to execute that include proteases, nucleases, and reactive oxygen 
species, and another to extricate that include the repairing enzymes. During apop- 
tosis, cytochrome c is released, activating caspase 3 which serves as the final execu- 
tioner for apoptotic cell death. On the other hand, the anti-death gene, bcl-2, 
located on the outer mitochondrial membrane, tries to oppose the apoptotic process. 
In a recent study, our laboratory demonstrated that bcl-2 activity is downregulated 
in the ischemic-reperfused myocardium when apoptotic cardiomyocytes appear 
(Figure 1) (16). Myocardial adaptation to ischemia upregulated bcl-2 and prevented 
apoptosis. Bcl-2 gene appears to play a crucial role in sending the survival signal to 
the ischemic myocardium because inhibition of bcl-2 gene with antisense ODN 
completely blocked cardioprotective effects of preconditioning (Figure 2 and Figure 
3). 

INTRACELLULAR PATHWAYS FOR REDOX SIGNALING 

Recent studies implicate that reactive oxygen species are not only the destructive 
elements for the cells, but also they are essential for the biological and physiologi- 
cal function of the cells. Biological cells including cardiomyocytes contain enzymes 
that can simultaneously generate reactive oxygen species and intracellular redox 
buffer in response to a specific stress. Depending on the amounts of antioxidant 
reserve and oxygen free radicals, the reactive oxygen species are either destroyed or 
persist. Thus, the oxygen free radicals fulfil the defination of a second messenger 
which are either up-regulated or down-regulated after a physiologic stimuli like 
ischemia. A number of growth factors and cytokines have been found to induce 
oxidative stress and overproduce specific antioxidant enzymes (17,18). Environ- 




206 II. Pathogenesis of Ischemic Heart Disease 








Figure 1. Effects of ischemia /repe fusion and preconditioning (adaptation) on the Bel- 2 mRIsA expression. As 
revealed by the Northern blot analysis, the induction of Bcl-2 gene expression was reduced signifi- 
cantly in the ischemic reperfused myocardium while the Bcl-2 gene expression was increased in the 
preconditioned heart (Top). The housekeeping gene, GAPDH, is shown at the bottom. 

mental stresses including heat stress, oxidative stress and ischemia/reperfusion also 
produce oxidative stress which is then translated into the induction of antioxidant 
enzymes (19). 

Perhaps the finding that the production of reactive oxygen species during the 
agonist-induced activation of the nuclear transcription factor, NFkB, provided the 
first concrete evidence for the role of reactive oxygen species as a second messen- 
ger. NFkB regulates the inducible expression of a number of genes involved in 
cell survival and execution. For example, NFkB has been found to control anti- 
apoptotic gene, bcl-2, and pro-apoptotic factors, bax and p53, in the ischemic/reper- 
fused myocardium (20). Diverse extracellular signals from IL-l,TNFa, H 2 O 2 , etc. 
converge into development of oxidative stress which leads to activation of NFkB 

(21) . Such activation of NFkB can be blocked by antioxidants such as vitamin E 

(22) or a-lipoic acid (23). Antioxidants such as N-acetyl cystein can prevent NFkB 
activation by diverse stimuli, including H 2 O 2 , by supressing the generation of 
reactive oxygen species (24). 





Figure 2. Effects of antisense hcl-2 ODN on myocardial infarct size of ischemia /reperfused and preconditioned 
(adapted) heart. Hearts were perfused for 150 min and served as control, or hearts were subjected to 
30 min ischemia or 30 min ischemia followed by 120 min reperfusion. The preconditioned group was 
subjected to four episodes of, 5 min ischemia followed by 10 min of reperfusion. (Bottom) Represen- 
tative hearts revealing various degrees of myocardial infarction. (Top) The percent infarct size of 
control ([ ]), ischemia ([ ]), ischemia and reperfusion ([ ]), preconditioned ([ ]), antisense bcl-2 ([ ]), 
and sense bcl-2 ([ ]) transfected rat myocardium. Results are expressed as Means ± SEM of six differ- 
ent rats per group, '^’p < 0.05 compared with the control group of sample. 

Receptor tyrosine kinase (RTK) plays an important role in redox signaling by 
autophosphorylation of several tyrosines along their own intracellular tails. Recent 
studies from several laboratories including our own have implicated that myocardial 
adaptation to ischemic stress occurs through the activation of several tyrosine kinases 
(25). Phosphorylation of tyrosine kinases has been shown to be linked with the acti- 
vation of both phosapholipase C and phospholipase D leading to the activation of 
multiple kinases including protein kinase C (PKC) and MAP kinases. Phospholi- 
pase D appears to play an important role in the intracellular signaling process. Cohen 
et al. also demonstrated that PLD is critical in ischemic adaptation (26). Activation 
of PLD was documented in ischemic reperfused hearts (27). Phospholipase D cat- 
alyzes the terminal diester bond of phosphatidylcholine which results in the for- 
mation of choline and phosphatidic acid. Phosphatidic acid then serves as the 
substrate for diacylglycerol synthesis by the action of phosphatidic acid on phos- 
phohydrolase. Diacyl glycerol may itself serve as a second messenger by activating 
PKC. Work done by Eskildsen-Helmond et al. (28) also suggests a link between 
ischemic adaptation and activation of PLD, eventually resulting in potentiation of 
PKC isoenzymes. In a more recent study, Fryer et al. (29) demonstrated that 
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Figure 3. Effects of antisense bcl-2 ODS on cardiomyocyte apoptosis of ischemia /reperfused and preconditioned 
(adapted) heart. Hearts were perfused for 150 min and served as control, or hearts were subjected to 
30 min ischemia or 30 min ischemia followed by 120 min reperfusion. The preconditioned group was 
subjected to four episodes of, 5 min ischemia followed by 10 min of reperflision. (Bottom) Represen- 
tative hearts revealing various degrees of cardiomyocyte apoptosis (spots are apoptotic cardiomyocytes 
revealed after TUNEL staining in conjunction with antibody against a-myosin heavy chain antibody). 
(Top) The percent infarct size of control ([ ]), ischemia ([ ]), ischemia and reperfusion ([ ]), precondi- 
tioned ([ ]), antisense bcl-2 ([ ]), and sense bcl-2 ([ ]) transfected rat myocardium. Results are 
expressed as means ± SEM of six different rats per group. *p < 0.05 compared with the control 
group of sample. 



pretreatment with tyrosine kinase inhibitors partially attenuated ischemic adaptation 
in the rat heart. 

The mitogen-activated protein (MAP) kinases, a serine/threonine protein kinase 
family, play an essential role in mediating intracellular signal transduction events. In 
response to extracellular stimulation, MAP kinases are rapidly activated and in turn 
regulate cellular functions by inducing the phosphorylation of proteins, such as an 
oncogene product c-jun, S6 ribosomal protein kinase, and MAP kinase activated 
protein kinase 2 (30,31). MAPKAP kinase 2 has been impUcated in a novel mam- 
malian stress activated signal transduction pathway initiated by a variety of mito- 
gens, pro-inflammatory cytokines, or environmental stresses, where it regulates its 
substrate molecules by serine/threonine phosphorylation (32). In the case of rat 
heart, a mitogen-activated protein kinase cascade has already been identified (33). 
These authors have demonstrated that MAPK isoforms p"*^ MAPK and P‘^‘* MAPK 
and two peaks of MEK were activated by more than 10-fold in perfused hearts or 
ventricular myocytes exposed to PMA for 5 min. In our own study, we identified 
the participation of MAP kinase cascades in the ischemically adapted rat hearts (34). 
The results of our study demonstrated that a kinase cascade involving tyrosine 
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kinase-phospholipase D-MAP kinases-MAPKAP kinase 2 is triggering after 
ischemic stress. 

The intracellular signaling mechanisms that lead to adaptation require one or 
more members of MAP kinase cascades. Among the three distinct MAP kinase fam- 
ilies, stress-activated protein kinase (SAPK), also known as c-Jun NH 2 -terminal 
kinases (JNK), and p38 MAP kinase are known to be regulated by extracellular 
stresses including environmental stress, oxidative stress, heat shock and UV radiation 
(35). JNKs and p38 MAP kinase appear to be involved in distinct cellular func- 
tions, because they possess different cellular targets and are located on different sig- 
naling pathways. Thus, JNK kinases activate c-Jun while p38 MAP kinase stimulates 
MAPKAP kinase. A recent study demonstrated that ischemic adaptation triggered 
a tyrosine kinase-regulated signaling pathway leading to the translocation and acti- 
vation of p38 MAP kinase and MAPKAP kinase 2 (36). 

The results of a recent study documented that 30 min of ischemia followed by 
2 hr of reperfusion increased the induction ofJNKl, c-JUN and p38 MAP kinase 
proteins (37). Ischemic adaptation also enhanced these kinases compared to control. 
However, subsequent ischemia/reperfusion-mediated increase in JNKl, p38 and c- 
Jun was blocked by this adaptation. Fifteen minutes of perfusion with anisomycin 
increased the amount of both JNKl and p38 MAP kinases as well as c-Jun in the 
heart, all of which were decreased in amount after subsequent ischemia/reperfusion. 
Curcumin, a JNK and c-Jun inhibitor, blocked the ischemia/reperfusion- and 
adaptation-mediated increase in JNKl and c-Jun while it had no effect on p38 
MAP kinase. SB 203580, an inhibitor for P38 MAPK phosphorylation, on the other 
hand, was equally effective in reducing the amount of p38 MAP kinase, but exterted 
no effects on JNKl and c-Jun. Ischemia/reperfusion-mediated increased myocardial 
infarction was reduced by treating the hearts with anisomycin, a dual activator of 
P38 MAPK and JNK. The cardioprotective effects of preconditioning were abol- 
ished by either curcumin or SB 203580. Thus, it appears that activation of SAPKs 
are obligatory for myocardial adaptation to ischemia, but the activation is only tran- 
sient, and the activities rapidly come down to near baseline levels after subsequent 
ischemia and reperfusion (37). 

Evidence suggests that MAPKAP kinase 2 is a crucial step leading to gene expres- 
sion and myocyte adaptation resulting in adaptive cardioprotection. This unique 
protein kinase is highly expressed in heart muscle suggesting that it also may be 
expressed and functioning in the myocardium in response to stress. MAP KAP 
kinase 2 also has been shown to have increased activity when subjected to oxida- 
tive stress as well as heat shock (33,36). This increased activity of MAPKAP kinase 
2 in association with heat shock protein gives rise to the hypothesis that this kinase 
may be one of the critical factors involved with ultimate transcription of proteins 
leading to adaptive protection of the heart. In cultured myocytes, the activity of 
MAPKAP kinase 2 was found to increase when the myocytes were subjected to 
oxidative stress as well as heat shock (33). Heat shock proteins (HSP) are early targets 
of phosphorylation by a variety of stress conditions. HSP-27, HSP-32 and HSP-70 
can be induced by oxidative stress and ischemic preconditioning (38). Heat shock 




210 II. Pathogenesis of Ischemic Heart Disease 



proteins have been found to be not only cardioprotective through reduction of 
infarct size but evidence also suggests that they are important in delayed protection 
against infarction, the so called “second window” of protection. 

As mentioned earlier, it has been demonstrated that cellular PKC activation is an 
important step in the mechanism of adaptive protection of heart (39). The PKC 
hypothesis received further support from the observations that any agent that can 
activate PKC can also precondition the heart. For example, phenylephrine, an tti 
agonist, angiotensin AT, and bradykinin receptors can activate PKC (40), and 
they can also precondition the hearts when infused prior to ischemia (39,41). A 
variety of stress signals can also translocate and activate PKC. For example, mechan- 
ical stress induced by stretching can activate PKC in cultured myocytes (42). Imme- 
diately after stretching, activation of phosphatidyl inositol turnover was observed 
suggesting a role of phospholipase C in PKC activation. Even a short-term ischemia 
or ischemia followed by reperfusion were previously shown to translocate and acti- 
vate PKC. Furthermore, both a, -receptor stimulation and Ca"^ ion can translocate 
and activate PKC (43). 

A recent study from our laboratory^ demonstrated the inhibition of the enhanced 
tyrosine kinase phosphorylation during ischemic adaptation by DMTU (44). 
DMTU also inhibited adaptation-mediated increased phosphorylation of p38 MAP 
kinase and MAPKAP kinase 2 activity. However, DMTU had no effect on the 
translocation and activation of protein kinase C (PKC) resulting from adaptation. 
The cardioprotective effect of adaptation was abolished by both DMTU and SN 
50. Ischemic adaptation resulted in the nuclear translocation and activation of NFkB. 
Increased NFkB binding was blocked by both DMTU and SN 50. The results of 
this study demonstrate that reactive oxygen species play a crucial role in signal trans- 
duction mediated by adaptation. This signaling process appears to be potentiated by 
tyrosine kinase phosphorylation resulting in the activation of p38 MAP kinase and 
MAPKAP kinase 2 leading to the activation of NFkB, suggesting a role of oxygen 
free radicals as second messenger. Free radical signaling seems to be independent of 
PKC, although PKC is activated during adaptation process suggesting the role of 
two separate signaling pathways in the adapted heart. 

REGULATION OF EXECUTION AND REPAIR BY REDOX SIGNALING 

Although ischemia/reperfusion has been found to cause cardiomyocyte death, 
precise physiological role of redox signaling is not clear. Ischemia/reperfusion, espe- 
cially intermittant ischemia commonly known as ischemic preconditioning, lead to 
the activation of both G-proteins and receptor tyrosine kinases potentiating a sig- 
naling cascade resulting in the activation of multiple kinases that leads to the induc- 
tion of the activation of several redox-sensing transcription factors and genes. Such 
intracellular events ultimalely dictate the cells to survive or die. The changes in gene 
expression are likely to influence the physiologic function of the cardiomyocytes 
during post-ischemic survival. 

A number of recent studies clearly demonstrated that redox signaling play a phy- 
siological role in myocardial survival during post-ischemic period. As mentioned 
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Figure 4. Redox Signaling by Ischemia/Reperfusion. 



earlier, oxygen-free radicals are generated during ischemia/reperfusion. When heart 
is adapted to ischemic stress by repeated short-term ischemia and reperfusion, the 
generation of the reactive oxygen species is rapidly increased, but does not increase 
at the same rate during subsequent ischemia and reperfusion. The same pattern of 
the development of oxidative stress is observed when hearts are treated with endo- 
toxin, IL-1 ot TNFa. Interestingly, these interventions lead to the development of 
oxidative stress within a very short period, but reduce/inhibit subsequent oxidative 
stress development when hearts are subjected to ischemia/reperfusion. Additionally, 
such adaptive response is associated with the induction of the expression of a 
number of stress proteins, including HSP 27, HSP 70 and heme oxygenase and 
antioxidant enzymes that include Mn-SOD and glutathione peroxidase (36). Such 
adaptive response is also associated with the increased binding activity of NFkB. 
Increased activity of NFkB and induction of the protective proteins can be blocked 
by pretreating the hearts with a oxygen free radical scavenger such as DMTU (44). 
More interestingly, an endotoxin-derived compound, monophosphoryl lipid A 
(MLA), was found to induce iNOS mRNA through a tyrosine kinase-dependent 
mechanism and protect the heart from ischemic reperfusion injury. 

Thus, it seems likely that one of the major functions of redox signaling in the 
ischemic myocardium is to synthesize stress-inducible proteins through the activa- 
tion of transcription factors such as NFkB or by potentiating induction of other 
inducible proteins such as iNOS (Figure 4). Flowever, more study is necessary to 
completely unveil the physiologic function of redox cycling. 

REDOX-SENSING TRANSCRIPTION FACTORS AND GENES 

NFkB and AP-1 are two weU-known redox-sensitive transcription factors. NFkB is 
a critical regulator for gene expression induced by diverse stress signals including 
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mutagenic, oxidative and ischemic stresses. Activation of NFkB is likely to be 
involved in the induction of gene expression associated with the ischemic adapta- 
tion. This nuclear transcription factor is a member of Rel transcription factor family 
which is involved in the regulation of stress defense mechanisms. Survey of litera- 
ture suggests that NFkB is an oxidative stress responsive transcription factor, and that 
reactive oxygen intermediates play a crucial role in the activation of the factor. 
Recent studies from our laboratory demonstrated ischemic adaptation translocated 
and increased the binding of NFkB in heart. NFkB binding activity is very low in 
non-ischemic control hearts (45). Reperfusion of ischemic myocardium significantly 
increases the translocation of NFkB from cytosol to nucleus. Perfusion of the heart 
with DMTU inhibits NFkB translocation from cytosol to nucleus (44). NFkB 
binding activity is increased in the ischemically adapted hearts. 

AP-1 is another redox-sensitive signaling molecule which also plays an important 
regulatory role in cellular responses to stress induced by external factors including 
UV radiation, phorbol esters, and TNFa (46). The binding site of AP-1 is recog- 
nized byjun family member homodimers and Jun/Fos family member heterodimers. 
The balance between Jun and Fos is very critical for gene expression. Stress induced 
by ischemia/reperfusion was previously shown to induce the activation of c-Jun 
(47). AP-1 is a redox-sensitive signaling molecule which plays an important regu- 
latory role in cellular responses to stress induced by external factors. The AP-1 tran- 
scription factor complex is composed of a group of proteins encoded by the Jun 
and Fos families which bind to the AP-1 consensus sequences. Regulation of AP- 
1 in response to external stimuli is mediated by members of the MAPK family. 
AP-1 regulates the activation of transcription of a variety of genes. Electrophoretic 
mobility shift assay indicated increased AP-1 binding activity^ in the ischemic/reper- 
fused rat heart compared to control perfused group (48). DMTU inhibited this 
binding activity significantly. Similar effects were also observed for ischemically 
adapted group. Myocardial adaptation induced by cyclic episodes of short term 
ischemia and reperfusion results in the activation of NFkB but not AP-1. 

In various cell lines, wild-type-P53 (transcription factor, pro-apoptotic gene) 
induced by DNA damage has been shown to induce programmed cell death or 
apoptosis. It is reported that P53 protein functions as an active transcription factor 
in lesioned brain (49). How activation of p53 promotes apoptosis is unclear, but it 
might involve Bax, a series of p53-inducible genes or signaling through Fas-related 
pathways (50). There are other p53 effectors which include caspases that execute 
apoptotic cell death (51). Several studies on the master controller gene of apopto- 
sis, p53, reveals conflicting results (52). Our recent study showed an increase in p53 
activity in the ischemic/reperfused myocardium (48). Such an increase in p53 activ- 
ity was prevented by adapting the heart to ischemia. 

Bcl-2 is a well-known anti-death gene which function as an intracellular antioxi- 
dant. Recent analysis of the bcl-2 gene family reveals complex network regulating 
apoptosis. Within this bcl-2 gene family, some of the candidates can supress apop- 
tosis, while the others can induce apoptosis (53). Among the proteins coded by the 
genes of this family, Bcl-2 and Bc1-Xl act as cell death repressors (54), whereas Bax 
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and an alternatively sliced Bcl-x product, Bcl-xs, promote cell death (7). When in 
excess over Bcl-2, Bax counterracts the repressive action of Bcl-2 on apoptosis. 
Similarly, excess Bcl-xs antagonize the function of Bcl-xL. Thus, a critical balance 
between the Bcl-2, Bax and Bc1-Xl/s molecules may determine the fate of cells in 
response to cytotoxic agents or environmental stress. It has been reported that p53 
activate the transcription of the Bax gene via p53-response elements while down 
regulating Bcl-2 expression at the same time (50). 

Apoptosis initiated by various different stimuli can be blocked by overexpressing 
Bcl-2. For example, the activation of Bcl-2 was associated with the inhibition of 
apoptosis in the adapted myocardium (48). A downregulation of this anti-death gene 
occurred in concert with the significant amount of apoptosis in the ischemic/reper- 
flised myocardium. 

DEATH SIGNAL BY ROS 

Programmed cell death or apoptosis is recognized as a physiological counter part of 
cell rephcation and is the contributing cause of cardiomyocyte cell death during 
ischemia/reperfusion, myocardial infarction, and heart failure (55). Apoptosis is an 
energy requiring process, needs de novo pro apoptotic gene expression (p53, bax etc.) 
and is directed by an in born genetic program. The terminal result of this program 
is the fragmentation of nuclear DNA which is associated with ultrastuctural changes 
in cellular morphology, while the functional integrity of the cell membrane still 
remains intact. Two different mechanisms of cell death have been evaluated so 
far during myocardial infarction, necrosis and apoptosis. The important distinguish- 
ing features of cell necrosis are rupture of cell membrane, cell swelling, plasma 
membrane breakdown, clumping of nuclear chromatin, swelling and disruption of 
sarcoplasmic reticulum and mitochondria, and appearance of granular densities in the 
matrix of mitochondria. Due to rupture of the sarcoplasmic reticulum in the necrotic 
cardiomyocytes, calcium overloading takes place which causes disturbances in 
other electrolytes. On the other hand, apoptosis occurs in the absence of membrane 
rupture and is characterized by internucleosomal cleavage of DNA by a Ca^"^ 
and Mg^"^ dependent endonuclease. Ultrastructural features of apoptosis include 
segregation of nuclear chromatin and condensation of the cytoplasm. The apoptotic 
cell surface develops protuberances known as apoptotic bodies which are generally 
engulfed or digested by adjacent cells. Again apoptosis is an active, strongly regulated, 
energy-requiring process whereas necrosis is a passive process and occurs in 
response to lethal injury. Untimely initiation of apoptotic cell death in the 
myocardium might also play an important role in the pathogenesis of various 
other myocardial diseases such as heart failure, posttransplantation rejection, 
chemotherapy-induced cardiac dysfunction, viral infections etc. 

The common inducers of apoptosis include oxygen free radicals/oxidative stress 
and Ca^"^, which are also implicated in the pathogenesis of myocardial ischemic 
reperfusion injury. Cardiomyocytes exposed to hypoxia revealed apoptotic cell death 
as evidenced by DNA fragmentation in conjunction with the expression of Fas 
mRNA (56). In a recent study, apoptotic and necrotic myocyte cell deaths associ- 
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ated with ischemia/reperfusion were shown to be independent contributing vari- 
ables of infarct size in rats (31). Another study has shown apoptosis to be a feature 
of human vascular pathology; including restenotic lesions and, to a lesser extent, 
atherosclerotic lesions, suggesting that apoptosis may modulate the cellularity of 
lesions that produce human vascular obstruction (57). 

Apoptotic cell death is a function of the duration of reperfusion and that even 
up to 1 hr of ischemia does not induce apoptosis (48). Apoptotic cells become appar- 
ent only in the 90 and 120 min reperfused hearts. None of the ischemic hearts 
showed any evidence of apoptosis. These results were corroborated with the find- 
ings of DNA fragmentation which showed increased ladders of DNA bands only 
in the 120 min reperfused hearts. The presence of apoptotic cells and DNA frag- 
mentation in the myocardium were completely abolished by pre-treating the 
myocardium with ebselen, a glutathione peroxidase mimic which also reduced the 
ischemic reperfusion injury (8). In another related study, SOD plus catalase were 
found to amiliorate the apoptotoic cell death (58). 

Although cardiomyocyte apoptosis occurs only after prolonged reperfusion fol- 
lowing an ischemic insult, the signal for apoptosis is initiated during ischemia. 
Translocation of phosphatidyl serine and phosphatidyl ethanolamine, a hallmark for 
apoptosis, was found to occur during ischemia, but apoptosis did not become appar- 
ent until hearts were reperflised following an ischemic insult (59). In this study, iso- 
lated rat hearts subjected to 30 min global ischemia followed by 2 hr of reperfusion, 
showed apoptotic cardiomyocytes as expected. Assay of phosphatidylethanolamine 
(PE) and phosphatidylserine (PS) topography in cardiomyocytes using 2,4,6- 
trinitrobenzenesulfonate (TNBS) demonstrated that about 30% of total phos- 
phatidylethanolamine and 5% of total phosphatidylserine were available for the 
TNBS derivative in the control hearts. The availability of both PE and PS was sig- 
nificantly increased in cardiomyocytes from the hearts after 30 min of ischemia, and 
this level was maintained up to 2 hr of reperfusion following ischemia. This suggests 
that ischemia results in a significant loss of normal asymmetric sarcolemmal phos- 
pholipid distribution, possibly with an outward migration of PE and PS. 

Caspases enzymes are a family of cysteine proteases that play a central role in 
apoptosis. In humans at least seven of the ten currently known family members par- 
ticipate in one of two distinct signaling pathways: activation of proinflammatory 
cytokines and promotion of apoptotic cell death. As mentioned previously, during 
apoptosis, a loss of electrochemical gradient across the inner membrane occurs in 
mitochondria resulting in uncoupling of oxidative phosphorylation, generation of 
free radical and Ca^'^ overload into the cytosol. In addition, cytochrome C and pos- 
sibly other proteins are released from mitochondria into the cytosol. Mitochondria 
play a very important role in apoptosis. The mechanism by which caspases are acti- 
vated is still unknown. However, recent studies have established that activation of 
proximal caspases leads to the activation of the distal caspases in the process of apop- 
tosis (24). Caspase 3 (ced-3) activation begins when caspase-9 binds to Apaf-1 (ced- 
4 is homologous to the recently identified human protein, Apaf-1), this reaction is 
initiated by the release of cytochrome C in the cytosol. Caspase-9 is directly acti- 
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vated by Apaf-1 and cytochrome-c (60). Significant accumulation of cytochrome c 
in the cytosol, over myofibrils, and near intercalated discs of cardiomyocytes in failing 
hearts is reported in a heart transplantation study. The cytochrome c was also asso- 
ciated with the activation of caspase-3 and cleavage of its substrate protein kinase- 
c delta, but not poly (ADP-ribose) polymerase. Whereas, there was no accumulation 
of cytosolic cytochrome c or caspase-3 in the control hearts (61). In another study, 
rabbits subjected to 30 min of coronary artery occlusion followed by 3 h of reper- 
fusion demonstrated significant activation of protein expression of caspases-2, -3 
and -7. In addition, this study also successfully demonstrated selective cleavage of 
poly(ADP-ribose) polymerase (PARP) into apoptotic fragments in ischemic/reper- 
fused myocardium. Administration of broad-spectrum caspase inhibitor YVAD-cmk 
(4.8 mg/kg) partially blocked caspase activation and reduced apoptotic cells. This 
study indicated that caspases are critical mediators of myocardial injury induced by 
ischemia/reperfusion and that inhibition of caspases may be beneficial in myocar- 
dial infarction (62). Bialik S et al. (63) reported that deprivation of serum and 
glucose, components of ischemia in vivo, induces apoptosis. This manifestation of 
apoptosis was blocked by zVAD-fink, a peptide caspase inhibitor. In contrast to 
control cells, apoptotic cardiomyocytes revealed cytoplasmic accumulation of 
cytochrome C from mitochondria. Caspase processing was inhibited by the zVAD- 
fhik. During myocardial ischemia cytochrome C is released from mitochondria, and 
this is one of the earliest events in ischemic myocardium. Therefore, the possible 
scenerio of ischemia-induced myocardial apoptosis suggests: elevation of cytosolic 
Ca^"^ concentration, release of cytochrome C from mitochondria which can associ- 
ate with Apaf-1 factor and pro-caspase-9, triggering the activation of caspase-3 and 
apoptosis. 

SURVIVAL SIGNAL BY REDOX SIGNALING 

There is increasing evidence that a variety of antioxidants and antioxidative enzymes 
play a major role in myocardial protection against acute stress such as ischemia or 
hypoxia. Reactive oxygen species including superoxide anions (02~), hydroxyl radi- 
cals (OH ) and singlet oxygen (^ 02 ) are believed to be the key factors causing reper- 
fusion injury. To defend itself against free radical attack, the heart like many other 
organs is equipped with its own defense system (64). The first line of defense com- 
prises antioxidants such as a-tocopherol, ascorbic acid, glutathione and several 
antioxidant enzymes like SOD, catalase and glutathione peroxidase. SOD catalyzes 
the dismutation reaction whereas catalase detoxifies H 2 O 2 efficiently. A large number 
of studies exist in the literature to support a direct role of oxygen free radicals in 
apoptosis. An expression vector containing SOD was found to delay the event of 
apoptosis in cultured sympathetic neurons. This study also proved that if SOD was 
injected after the oxidative stress, it had no effect on apoptosis at all. As mentioned 
earlier, a seleno peroxide mimic, ebselen, could reduce the apoptotic cell death and 
DNA fragmentation in concert with the reduction of myocardial ischemic reperfu- 
sion injury (8). During the apoptotic changes, the activity of Cu/Zn-type super- 
oxide dismutase in the tadpole tail markedly increased with a concomitant inhibition 
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in the catalase activity. The apoptotic process was found to be increased by the addi- 
tion of H 2 O 2 and aminotriazole, a potent catalase inhibitor (65). In another study, 
it was found that Cu/Zn-SOD, Mn-SOD and catalase in cultured neutrophils were 
significantly effective in delaying the event of apoptosis, suggesting that reactive 
oxygen species plays a role in the neutrophil apoptosis (66). Transgenic mice over- 
expressing GSHPx-1 gene were resistant to while knockout mice devoid of any 
copy of GSHPx-1 gene were susceptible to myocardial ischemia reperfusion injury 
(11). In concert, overexpression of GHSPx-1 gene was associated with significantly 
reduced number of apoptotic cardiomyocytes, and GSHPx-1 gene knockout mice 
mouse hearts had significantly higher number of apoptotic cells compared to those 
found in wild-type control. 

Redox regulation of cardiomyocytte apoptosis in the ischemic reperflision 
myocardium is further supported from the observation that ischemic adaptation- 
induced inhibition of cardiomyocyte apoptosis was blocked by a OH radical scav- 
enger, DMTU as well as a NFkB blocker, SN-50 peptide (44). In concert, NFkB 
and DMTU prevented the cardioprotective effects of myocardial adaptation to 
ischemia. 

ANTIOXIDANTS AND REDOX SIGNALING 

Mammalian hearts are protected from the cellular injury by their own defence 
system which includes various intracellular antioxidants; such as glutathione, a- 
tocopherol, ascorbic acid, P-carotene; and antioxidant enzymes that include SOD, 
catalase and glutathione peroxidase. These cellular compounds reduce/ eliminate the 
oxidative stress by directly quenching the reactive oxygen species before they damage 
vital cellular components, and therefore, they can be considered as part of the first 
line of defense against the external stress. Often, because of the inadequancy of the 
intracellular antioxidants or due to the presence of increased amount of oxidative 
stress, the reactive oxygen species may reach their targets that include nucleic acids, 
proteins, and lipids. This results in the injury to the cellular components causing 
DNA strand breaks, protein degradation, and lipid peroxidation. Mammalian cells 
are also protected by a second line defense system consisting of several lipolytic and 
proteolytic enzymes, proteases, phospholipases, etc. which are involved in the sys- 
tematic recognition and removal of the injured cellular components (67). Recent 
studies from our laboratory indicated that myocardial cells possess an inducible 
pathway for the antioxidant defense. The signal transduction pathway by which 
various stress signals are translated into oxidative stress leading to the modulation of 
antioxidants/antioxidant enzymes are different, but the patterns of the inducible 
enzymes are strikingly similar. The expression of the inducible genes in response to 
environmental stress has been shown to be the reflection of the ultimate adaptive 
responses and viewed as the third line of defense (64). 

Although cells such as cardiomyocytes need sufficient antioxidant reserve to main- 
tain a reducing environment for their own protection, these cells also need a certain 
redox state (defined as the ratio of the concentrations of oxidizing equivalents to 
the concentrations of reducing equivalents) to maintain normal hormonal and ionic 
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homeostasis. GSH by functioning as the principle redox buffer protects the cells 
from external injury through redox signaling. A good example of redox cycling 
is the change in GSH/GSSG ratio in the cardiomyocytes as a consequence of 
ischemic or oxidative stress and restoration of the ratio after antioxidant therapy. 
Ischemia/ reperfusion is also associated with a reduction of antioxidant reserve which 
include lowering of certain antioxidant enzymes. On the other hand, ischemic adap- 
tation prior to a lethal ischemic episode prevents the ischemia/reperfusion- 
mediated lowering of antioxidant activities. For example, the activities of Mn-SOD 
and GSHPx are lowered after a prolonged reperfusion. Such lowering of the enzyme 
activities is prevented by subjecting the hearts to ischemic adaptation prior to pro- 
longed ischemia/reperfusion. Cytokines such as IL-1 orTNFa as well as endotoxin 
also upregulate these enzyme activities through the oxidative stress adaptation (68). 
Another antioxidant enzyme heme oxygenase (also known as HSP 32) is also adap- 
tively increased in response to ischemia/reperfusion (69). As mentioned earlier, 
antioxidant and anti-death protein bcl-2 is reduced in the ischemic myocardium 
which is prevented by adapting the hearts to ischemia. 

SUMMARY AND CONCLUSION 

It appears from the above discussion, survival and death of the cardiomyocytes 
depend critically on their redox state (Figure 5) . While sufficient antioxidant reserve 
warrants a reducing environment for the survival of the myocytes, the reserve is 




Figure 5. Redox Regulation of Anti-Death Signal. 
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exhausted during ischemic heart disease leading to a change in redox state. Such 
changes in the redox state determine whether the cardiomyocytes should die, and 
if they die, whether they die of necrosis or apoptosis. Ultimate survival or death 
depends on the redox signaling and transcription regulation of several redox sensing- 
genes and DNA repair processes. 

LIST OF ABBREVIATIONS 

Nfxfi: Nuclear transcription factor kB 

AP-1: Activator protein- 1 

MAP: Mitogen-activated protein kinases 

PKC: Protein kinase C 

JNK: c-JunNH 2 -terminal kinases 

SAPK: Stress-activated protein kinases 

HSP: Heat shock protein 

PLD: Phospholipase D 

PMA: Phorbol ester 

ATP: Adenosine tri-phosphate 

GSHPx: Glutathione peroxidase 

SOD: Superoxide dismutase 

Ca^"^: Calcium 

TNF: Tumor necrosis factor 

DMTU: Dimethyl thiourea 

MLA: Monophosphoryl lipid A 

IL-1: Interleukin- 1 

H 2 O 2 : Hydrogen peroxide 

ESR: Electron Spin Resonance 

HPLC: High performance liquid chromatography 
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Summary, In ischemic-reperfiised myocardium, necrosis of cardiomyocytes may develop not 
only due to the ischemic conditions but also due to the specific circumstances of reperfu- 
sion. Reperflision-induced hypercontracture is a major cause of lethal reperfusion-injury of 
myocardium. Hypercontracture of myofibrils is caused by reenergetisation of Ca^'^-overloaded 
cardiomyocytes. Ca^'^-overload is due to the preceding ischemic period. Upon reperflision, 
Ca^'^-overload leads to rapid oscillations of cytosoHc Ca^'^-concentration. Rapid normalisa- 
tion of pH favors hypercontracture, prolonged acidosis protects against it. Inhbition of 
reperfusion-induced Ca^'^-oscillations (inhibition of Ca^'^-uptake or Ca^^-release by the sar- 
coplasmic reticulum; inhibition of the reverse mode of the sarcolemmal Na'^/Ca^Uexchanger) 
or of pHi recovery (simultaneous inhibition of the Na'^/H'^-exchanger and the Na'^/HC 03 ~ 
symporter of sarcolemma) during the vulnerable phase of reperflision can protect the 
ischemic-reperfused cardiomyocyte against reperfusion injury. 

Key words: Reperfusion, Protection, Cardiomyocytes. 

INTRODUCTION 

The development of cell injury in ischemic tissue starts with a deficit in the cellu- 
lar balance of energy. The hydrolysis of ATP and the production of lactate acidify 
the cytosol. Acidosis inhibits glycolysis and anaerobic ATP production. The cellular 
reserves of energy are depleted and cation pumps regulating the normal intracellu- 
lar ionic milieu fail due to a lack of energy. The Na'^-K'^-ATPase is inhibited and 
the sarcolemmal Na'^ gradient is diminished. Na"^, Ca^"^ and accumulate in the 
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cytosol. The accumulation of Ca“^ in the cytosol during ischemia can contribute 
ischemic and reperfusion injury of myocardial cells. 

After ischemia, the disturbance of cation homeostasis can be rapidly reversed 
when the cardiomyocytes are reoxygenated at a normal extracellular pH (1,2). The 
recovery to a preischemic cytosolic Ca""^ concentration ([Ca“^],) can be divided in 
three phases: 1) a initial rapid fall of [Ca^‘^], due to sequestration of Ca^'^ into the 
sarcoplasmatic reticulum (SR) (phase 1); 2) a period of Ca""^ oscillations due to cycles 
of transient release and re-uptake of Ca^"*^ by the SR (phase 2); 3) reestablishment 
of a normal resting level of [Ca^"^], (phase 3) due to extrusion of excess Ca^"^ across 
the sarcolemma (3, 4). Transsarcolemmal extrusion of Ca^"^ from the reoxygenated 
cells is mediated by a tandem action of the Na^ pump, creating a normal trans- 
sarcolemmal Na"^ gradient, with the Na'^/Ca“^ exchange mechanism, using the Na^ 
gradient for the extrusion of Ca^'^ (5). During reoxygenation, Ca“'^-osciUations 
occurring simultaneously with the recovery of intracellular pH elicit uncontrolled 
activation of the myofibrils and thereby development of hypercontracture (1,2,4). 
Hypercontracture is caused by strong contractile activation which causes irrever- 
sible cell injury by disruption of cytoskeletal structures (6-8). After prolonged 
ischemic conditions cardiomyocytes become increasingly susceptible to hypercon- 
tracture and this seems due to weakening of the cytoskeletal architecture (9,10). 
Reoxygenation-induced hypercontracture has been shown to represent an impor- 
tant cause for severe tissue injury in reperfused myocardium. In tissue hyper- 
contracture causes mutual disruption of adjacent cells and thereby necrosis of 
cardiomyocytes (11). 

PROTECTION AGAINST CELLULAR REPERFUSION INJURY 
BY PROLONGATION OF ACIDOSIS 

Reperfusion protocols that prevent a rapid renormalisation of ischemic intracellular 
pH have been found to protect myocardial structure and function (12-16). It has 
been shown on isolated cardiomyocytes that reperfusion conditions preserving a low 
intracellular pH (pH,) prevent reoxygenation-induced hypercontracture of car- 
diomyocytes (1,2). The Na'^/H^ exchanger (NHE) and the HC 03 ~-dependent H"^- 
transport, commonly called the NaVHCO^' symporter (NBS) (17,18), play major 
roles in reperfusion-induced H'^-extrusion (Figure 1). These transporters are there- 
fore the main targets for pH, control in the reperfused cardiomyocyte. 

During recovery from ischemic conditions, the fliU extent of reoxygenation- 
induced hypercontracture develops gradually in cardiomyocytes. At the beginning 
of phase 1 of reoxygenation, cytosolic acidosis inhibits activation of the myofibrils 
due to acidotic desensitisation to Ca^"^ (19). Hypercontracture develops progressively 
during the second phase of reoxygenation when the spontaneous recovery of pH, 
occurs. The time course of pH, recovery is determined by the sarcolemmal H'^ trans- 
port mechanisms. Both, inhibitors of NBS and of NHE slow down the rapidity 
of pH, recovery (1). In rat ventricular cardiomyocytes NBS accounts for the 
minor part of H^ extrusion during recovery from intracellular acidosis. Only the 
simultaneous inhibition of NHE and NBS prevents the rapid pH, recovery 
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Figure 1. Schematic representation of pH-regulation during reperflision. Protons accumulated during 
ischemia. During reperfusion Na'^-K'^-ATPase is activated (3), Na"^-gradient is restored and protons can 
be extruded via the NaVH'^-exchanger (1) and the Na'^/HC 03 '-symporter (2). Accumulation of 
protons during reperfusion inhibits contractile activation of myofibrils. 



(1,14,17,18) and only with continued acidosis cardiomyocytes are protected against 
reoxygenation-induced hypercontracture (1). 

PROTECTION AGAINST CELLULAR REPERFUSION INJURY BY INHIBITION 
OF REOXYGENATION-INDUCED CA^^-OSCILLATIONS 

The slowdown of pHj recovery during phase 2 has also a significant impact on the 
generation of SR-dependent Ca^'^oscillations (1,2). Reoxygenation-induced sponta- 
neous Ca^"^ oscillations are less frequent if the H'^-extrusion systems are inhibited. 
When both H"^-extruding mechanisms are inhibited simultaneously, oscillations are 
effectively suppressed; apparently due to the acidotic inhibition of the SR Ca^'^- 
release channel. Reoxygenation-induced Ca^'^-oscillations can also be suppressed 
directly by inhibition of the Ca^"^-release channel with ryanodine or inhibition of 
the Ca^'^-ATPase with thapsigargin or CPA (Figure 2). All these maneuvers reduce 
the oscillation frequency and therefore the development of hypercontracture during 
phase 2 (4). It was found that the volatile anaesthetic halothane protects against 
reperfusion — induced hypercontracture and cell death also by this mechanism (4). 

PROTECTION AGAINST CELLULAR REPERFUSION INJURY BY INHIBITION 
OF THE REVERSE MODE OF THE NAVCA'^-EXCHANGER 

Under ischemic conditions the Na'^/Ca^'^ exchanger (NCE) represents an important 
route by which Ca^^ enters the ischemic cardiomyocyte (20—24). Decrease of the 
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Figure 2. Schematic representation of Ca'^-oscillations and hypercontracture development during 
reperflision. Ca^'^-uptake and -release by the sarcoplasmic reticulum induce oscillations of cytosohc 
Ca^"^ and, triggered by oscillations, excessive contractile activation of myofibrils leads to hypercontra- 
ture development in the re-energised cell. 



transmembrane Na"^ gradient and depolarisation of the sarcolemma leads to a reduc- 
tion in the net-outward transport of Ca^"^ via the forward mode of NCE and favors 
instead a net Ca^^ influx via the reverse mode of NCE (Figure 3). During the early 
phase of reoxygenation, the NCE changes again its directional mode. During the 
very first few minutes of reoxygenation, however, the equilibrium conditions at the 
cell membrane still favor the reverse mode of NCE operation. This influences sig- 
nificantly the outcome of reoxygenation. When the reverse mode of NCE was 
inhibited during the early phase of reoxygenation, the reoxygenation-induced oscil- 
lations of cytosolic Ca^'^ were markedly reduced in cardiomyocytes. Application of 
an inhibitor of the reverse mode of the NCE, KB-R 7943, or reperflision under 
Ca^'^-free conditions reduced the oscillatory activity and protected against hyper- 
contracture (25). The data indicated that during the early phase of reoxygenation 
Ca^"^ influx through NCE in reverse mode operation is responsible for a part of the 
SR-dependent Ca^'^-oscillations. Consistent with the protection against hypercon- 
tracture of cardiomyocytes is the finding that the inhibitor of NCE reverse mode 
(KB-R 7943) protects ischemic- reperflised hearts from severe injury even if applied 
during reperflision (25). 

CONCLUSION 

Severe cellular injury during the acute phase of reperflision is manifested by the 
development of hypercontracture. Hypercontracture represents true reperfusion 
injury, since it can be prevented by interventions during reperfusion. Protection 
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Figure 3. Schematic representation of functional coupling of Na'^/K'^-ATPase with Na'^/Ca^^- 
exchanger in reverse mode operation. During the early phase of reperfusion the reverse mode of 
Na'^/Ca^'^ exchanger is activated, extracellular Ca^"^ enters the cell and triggers the development of 
Ca^'^-oscillations. These oscillations elicit together with reenergetisation the development of 
hypercontracture. 



against hypercontracture can be achieved, e.g., by prolongation of ischemic cytoso- 
lic acidosis and inhibition of reoxygenation-induced Ca^'^-oscillations during the 
early phase of reoxygenation. The pH-regulating systems (Na'^/H'^-exchanger and 
Na'*’/HC 03 “ symporter ) and the Na'^/Ca^'^-exchanger represent important cellular 
targets for a causal therapy directed against lethal reperfusion injury in the heart. 
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Summary, Reperflision of the myocardium following an ischemic episode is associated with 
profound contractile and metabolic dysfunction. Reactive oxygen species (ROS), such as 
hydrogen peroxide (H 2 O 2 ) and hydroxyl (•OH) radicals, are produced during reperflision after 
a transient ischemic attack of the myocardium. Reperflision is also associated with the acti- 
vation of the cardiac Na'^/H'^ exchanger isoform-1 (NHE-1), which restores intracellular pH 
(pHi) towards normal following ischemia-induced acidosis. Activation of NHE-1 also pro- 
duces undesirable secondary effects leading to the exacerbation of tissue injury, a phenome- 
non termed the “pH paradox”. Increased generation of ROS plays an important role in 
reperflision-induced myocardial stunning and NHE-1 activation. However, the exact rela- 
tionship between ROS, NHE-1 activity and intracellular Ca^"^ overload has not been defined. 
Recent development of new, more specific NHE-1 inhibitors has enhanced our under- 
standing of the link between ROS burst, the pH paradox, and Ca^"^ overload during I/R 
injury. 

Key words: pH paradox, Ca^'^, kinases, Na'^/H'^ exchanger, H 2 O 2 . 

INTRODUCTION 

Cardiovascular disease resulting from myocardial ischemia and infarction is a major 
cause of morbidity and mortaHty in industriaUzed nations. Myocardial ischemia is 
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defined as an imbalance between the oxygen demands of cardiac tissue and the 
supply of oxygenated blood. Hallmarks of ischemia include hypoxia, reduced supply 
of metabolic substrates and reduced removal of metabolic byproducts (1). The degree 
of imbalance between oxygen supply and demand is variable and dictates the sever- 
ity of the ischemic episode (2). When ischemia is of sufficient severity and persists 
long enough, myocytes become irreversibly injured and undergo cellular necrosis. 
Brief periods of ischemia are associated with reversible myocardial injury. With 
reversible ischemia, the intensity of this damage is not sufficient to cause cell death 
but is sufficient to produce dysfunction of key cellular organelles. Reperfusion of 
cardiac tissue following a reversible ischemic episode contributes additively to the 
effects of ischemia, resulting in cardiac dysfunction. These reperfusion-induced 
injuries include reduced tension development, arrhythmias, mitochondrial swelling 
and Ca^"^ overload, and are referred to as myocardial stunning (1). Myocardial stun- 
ning may occur in clinical situations such as during unstable angina or exercise- or 
stress-induced ischemia and after cardiopulmonary bypass or myocardial infarction 
(for review, see (3)). 

Ischemia/reperftision (I/R) injury is intimately linked to the generation of reac- 
tive oxygen species (ROS), alterations in pH, and Ca^"^ overload in the myocardium. 
These changes should exert cardiovascular protection but instead actually exacerbate 
tissue injury and are referred to as the oxygen paradox, pH paradox, and Ca^^ 
paradox, respectively. Many recent advances have been made to elucidate the rela- 
tionship of these events to myocardial injury. 

ROS INVOLVEMENT IN ISCHEMIA/REPERFUSION INJURY 

ROS have been considered to be a major factor in reperfusion injury of the 
myocardium. ROS include both free radicals, which are extremely reactive due to 
unpaired electrons in their outer orbit, and other oxidant species such as hydrogen 
peroxide (H 2 O 2 ). The highly reactive hydroxyl radicals (*OH) are formed by the 
reaction of 02~ with H 2 O 2 or by the reaction of iron (II) with H 2 O 2 (4). High levels 
of ROS cause lipid peroxidation and cytotoxicity (5). Lower levels of ROS lead to 
protein modification affecting both inter-molecular and intra-molecular interactions. 
For example, oxidation of cysteine residues and/or formation of intra-molecular 
disulfide bridges result in protein conformational changes. ROS can also lead to 
protein dimerization or crosslinking formation of inter-molecular disulfide bridges 
or dityrosine formation (6,7). This ROS-derived protein peroxidation ultimately 
leads to altered enzyme and ion channel function. The combination of these ROS- 
mediated cellular changes could provide the rationale for coincident myocardial dys- 
function amidst ROS increases (5). 

ROS are produced during reperfusion after a transient ischemic attack of the 
myocardium. Multiple studies have suggested a link between ROS and myocardial 
injury following I/R. BoUi and coworkers, using spin resonance to quantitate 
increases in ROS, were the first to show that the greatest increase in ROS gener- 
ation occurs during the initial moments of reperfusion following an ischemic 
episode (8). Hydroxyl radicals have been demonstrated to cause lipid peroxidation 
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and myocardial injury, and is thought to trigger the contractile dysfunction observed 
during reperfusion (1). BoUi’s group concluded that at least 50% of myocardial stun- 
ning is due to ROS (9). In addition, whole animal studies have shown reduced 
myocardial injury with antioxidant intervention. Specifically, amelioration of ROS 
activity, using scavengers of free radicals such as catalase and superoxide dismutase, 
reduces myocardial stunning and reperfusion arrhythmias (Zwier, 1987). In addition, 
results of the CHAOS (Cambridge Heart Antioxidant Study) trial showed decreased 
incidence of cardiovascular events in patients with coronary disease following treat- 
ment with the antioxidant vitamin E (10). 

A number of mechanisms are capable of generating ROS within the ischemic 
heart. Within the myocardium and the endothelium, the oxidation of xanthine and 
hypoxanthine by xanthine oxidase generates superoxide (O 2 ”) that is further reduced 
to H 2 O 2 and *OH. During I/R there is infiltration of the myocardium by neu- 
trophils that produce several types ROS, including 02~, H 2 O 2 and OCL~ (1). Expo- 
sure of non-ischemic myocardium or cultured myocytes to ROS can produce cell 
injury similar to that seen in I/R. In a cell culture model of I/R injury using both 
neonatal and adult rat ventricular myocytes, we showed decreased cardiac myocyte 
contractility following brief exposure to low (50 pM) concentrations of H 2 O 2 , similar 
to the free radical burst that occurs during I/R, that emulates the cellular dysfunc- 
tion seen with I/R injury (11,12). 

ROS have numerous intracellular targets including second messenger pathways, 
L-type Ca^"^ and channels, ion transporters and contractile proteins (4). In cardiac 
myocytes 02 ~ and H 2 O 2 have been shown to inhibit Na"^ and Ca^”^ pumps, accel- 
erate rundown of L-type Ca^"^ currents, activate Na'^/Ca^'*’ exchange (13), and deplete 
internal caffeine-sensitive stores by inhibiting the sarcoplasmic reticulum Ca^"^- 
ATPase (1,14). These effects are independent of metaboHc inhibition since FCCP 
or 2-deoxy glucose does not mimic the effects of ROS (14). ROS-generating systems 
have also been shown to reduce myofibrillar ATPase activity, which could attenu- 
ate myofilament responsiveness to Ca^"^ and force development within the myo- 
cardium (15). 

NHE-1 AND THE PH PARADOX 

The Na'^/H'^ exchanger isoform- 1 (NHE-1) plays a major role in the control of 
intracellular pH (pHi) in cardiac myocytes (for review, see (16)). Under normal con- 
ditions, the basal activity of this antiporter is low but can be dramatically increased 
by intracellular acidosis, and in response to neurohormonal activation (17). In 
response to I/R injury, NHE-1 activation corrects the intracellular acidosis, but has 
secondary effects, due to Na“^ influx, that lead to Ca^"^ loading of the myocardium 
and exacerbation of tissue injury (16,18,19). This increase in intracellular Na'^ alters 
the activity of the Na'^/Ca^'^ exchanger (NCX), leading to increased intracellular 
Ca^"^. Data from Stowes laboratory showed that NHE-1 inhibition reduced Na'^and 
Ca^"^ loading during I/R leading to an improvement in cardiovascular function and 
reduced infarct size in isolated guinea pig hearts (20). Their work indicates that 
cytoplasmic Na*^ loading and Ca^"^ accumulation in response to NHE-1 inhibition 
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clearly implicate NHE-1 and slowed forward-mode and/or enhanced reverse-mode 
NCX largely responsible for mediating the large increase in Ca^'^ due to an increase 
in Na'^on reperfusion with cardiac injury. This implies that NHE-1 activity is at its 
peak during initial reperfusion (when ROS burst is known to occur and the cytoso- 
lic pH is decreased) since inhibiting NHE-1 just before reperfusion was equally 
effective as inhibiting NHE-1 prior to ischemia. 

Considerable evidence indicates that NHE-1 inhibition exerts beneficial effects 
on I/R injury. Karmazyn et al., using isolated rat hearts, were among the first show 
inhibition of NHE-1 enhancing recovery of the myocardium following low-flow 
ischemia (21). Recently, clinical studies with new, more specific, NHE inhibitors 
have exhibited mixed results. A study by Hendrikx et al. showed a significant 
improvement in cardiovascular function when the NHE-1 inhibitor HOE694 was 
given prior to ischemia and with only partial protection when administered prior 
to reperflision (22). In addition, a study using isolated working rat hearts demon- 
strated a dose-dependent reduction of the incidence and the duration of reperfu- 
sion arrhythmias with the NHE-1 specific inhibitor HOE642 (23). The 
GUARDIAN (GUARD During Ischemia Against Necrosis) trial suggested a 
possible cardioprotective effect of HOE642 for specific clinical settings, such as in 
patients undergoing coronary artery bypass graft surgery, when administration of the 
inhibitor was possible prior to the onset of myocardial ischemia (for review, see 
(24)). 

The regulation of NHE-1 involves both changes in expression as weU as in the 
activation of existing transporter proteins. In cardiac myocytes, the type of regula- 
tion may be dependent on the length of the ischemic period. Protein expression 
appears to play a major role in exchanger activity during chronic ischemia, whereas 
phosphorylation may be more important in response to acute I/R (25). Phos- 
phorylation of the exchanger directly is associated with an increase in maximum 
velocity, whereas phosphorylation of a NHE regulatory factor results in a shift in 
pH, dependence towards more alkahne pH, values and an increase in maximum 
velocity (17). 

REGULATION OF NHE-1 BY ROS 

NHE-1 activation has been shown to be an important catalyst for I/R injury, we 
were interested in studying the effects of ROS on NHE-1 activation. Using pH, 
measurements and in-gel kinase assays, our group has shown H202-stimulated NHE- 
1 activity in neonatal rat ventricular myocytes (11,26). Also, Sanbaitis et al. used a 
change in sarcolemmal H^ efflux rate to confirm H202“induced activation of NHE- 
1 in adult rat ventricular myocytes (27). These studies agree with work from 
Karmazyn s laboratory using NHE-1 inhibition to improve myocardial function fol- 
lowing ROS stress alone (28) and ROS stress with I/R (29). 

The mechanisms by which ROS activate NHE involve activation of multiple 
signal transduction cascades. We and others have shown that ROS and hypoxia acti- 
vate members of the mitogen activated protein kinase (MAPK) family, including 
p38, c-jun NH 2 -terminal kinase (JNK) and extracellular signal-regulated kinases 
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(ERKl/2) (11,12,27,30). Interestingly, all three MAPK pathways are activated in the 
myocardium by hypoxia and ischemia reperfusion (31,32). Anti-oxidants such as N- 
acetyl cysteine prevent activation of p38 MAPK during ischemia and a scavenger 
•OH diminishes the activation of p38, JNK, and ERKl/2 in reperfused hearts 
(33,34). 

There is strong evidence that oxidative stress regulates NHE-1 by phosphoryla- 
tion Recent studies from Fliegels laboratory demonstrated that MAPK-dependent 
pathways including p90 ribosomal S6 kinase and ERKl/2 and are important in 
regulating NHE-1 during ischemia and reperfusion of the rat myocardium (35). We 
have shown that H202-induced activation of NHE-1 in neonatal and rat ventricu- 
lar myocytes involves ERKl/2 MAPK (11,12). On the other hand, Snabiatis et al. 
demonstrated that src tyrosine kinases and protein kinase C are also required from 
the activation of NHE-1 by H 2 O 2 (27). 

THE ROLE OF ROS IN HOMEOSTASIS 

Intracellular Ca^"^ overload plays a key role in the pathogenesis of I/R injury. 
Increased intracellular Ca^"^ can alter excitation-contraction (E-C) coupling and 
intracellular signaling events. The myocardium has been suggested to undergo 
arrhythmias, contractile dysfunction, and cell death in the setting of Ca^'^ overload 
(36). 

Although several studies have attempted to correlate the three phenomena of 
increased ROS production, acidosis, and Ca^'^ overload, most used very high doses 
of ROS. High concentrations of H 2 O 2 (1-10 mM) can produce Ca^'^ overload via 
inhibition of Na"^ and Ca^"^ pumps, increased Ca^"^ influx through voltage gated Ca^"^ 
channels and inhibition the sarcoplasmic reticulum Ca^^-ATPase (1,37,38). However, 
these concentrations of H 2 O 2 are '^10-100 fold higher than those observed for the 
burst in OFR production during I/R (39,40). Little has been studied on the effect 
of the lower doses of ROS on myocyte contractility and [Ca^"*^],. 

NHE-1 IS A LINK BETWEEN ROS AND THE CA^^ PARADOX 

Our lab has shown that low concentrations of H 2 O 2 (50 |iM) lead to a diastolic Ca^"^ 
overload, an increased activation of NHE-1, and a decreased contractility through a 
MAP kinase-dependent pathway (11,12,26). 

We recently determined the involvement of the ERKl/2 MAPK pathway and 
the activation of NHE-1 in the diastolic Ca^"^ overload seen following H 2 O 2 treat- 
ment of neonatal rat ventricular myocytes. Treatment with the MEK inhibitor 
U0126 (5)liM) or the NHE-1 inhibitor HOE642 (5|liM) attenuated this diastolic 
Ca^"^ overload. These data indicate that H202-induced Ca^"^ overload is partially 
mediated by NHE-1 activation, secondary to phosphorylation of NHE-1 by the 
ERKl/2 MAPK pathway, suggesting a correlation between the increase in ROS, 
the NHE, and Ca^'^ overload. 

NCX is likely to be involved in NHE-dependent increases in intracellular Ca^"^ 
since it is known to be a major factor in the regulation of Ca^^ in the cardiomyo- 
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cyte. This exchanger is a secondary active transporter that is responsive to changes 
in both Na“^ and Ca^"^ concentration gradients and to changes in membrane poten- 
tial. NCX can also be regulated by other factors such as phosphatidyhnositol-4,5- 
bisphosphate (PIP 2 ) and phosphorylation (41). Iwamoto et al. demonstrated a 
modulation of exchanger phosphorylation and activity via protein kinase C (42). 
Also shown was a rise in [Ca^"^], after H 2 O 2 exposure that was reduced by PKC 
inhibitors (43). NCX is known to be sensitive to changes in overall cellular Na"^ or 
changes in sub-sarcolemmal Na^, Therefore, even small changes in ion concentra- 
tions close to the membrane could affect exchanger activity. Hilgemann et al. have 
suggested that Na"^ binding to the intracellular surface of the exchanger can lead to 
an inactivated state (44). The extent of inactivation depends on available Na'^ and 
Ca^"^ concentrations. In response to increased intracellular Na"^, NCX can reverse to 
exchange intracellular Na"^ for extracellular Ca^^. With reverse exchange, increased 
cytoplasmic Na"^ would induce an influx of Ca^"^. The role of reversal of the 
exchanger in cardiomyocytes is controversial. Both inactivation and reversal of the 
exchanger would lead to an increase in intracellular Ca^"^ levels. NCX is important 
during the removal of intracellular Ca^'^ in the cardiomyocyte. An early study by 
Tani et al. suggest that reperfusion Ca^"^ uptake occurs at least partially by Na'^/Ca^'^ 
exchange based on a correlation between increased intracellular Na^ and Ca^"^ 
uptake. In addition, this study showed decreased ventricular function recovery 
related to the extent of Ca^^ uptake during reperfusion (45). Interestingly, work by 
Goldhaber direcdy relates ROS to Na'^/Ca^'" exchange showing enhancement of 
NCX activity in cardiomyocytes by high levels (1 mM) of H 2 O 2 (13). 

Based upon our own studies and available data in the literature, we propose the 
following model that links alterations in ROS with activation of NHE-1 and intra- 
cellular Ca^'^overload in cardiac myocytes (Figure 1). According to this model, acti- 
vation of NHE-1 by H 2 O 2 requires activation of the ERKl/2 MAPK (11,12,35,46), 
which may be facflitated by Src and PKC (47). ERKl/2 phosphorylates the carboxy 
cytoplasmic tail of NHE-1 leading to the increase in NHE-1 activity. The resultant 
increase in intracellular Na"^, in turn, leads to modification of NCX and the resul- 
tant intracellular Ca^"^ overload. 

ALTERNATIVE MECHANISMS OF ROS-MEDIATED I/R INJURY 

Other elements involved in E-C coupling such as myofilament contractile and 
regulatory proteins may also play a role in the H 202 -induced alterations in cardiac 
myocyte [Ca^*^], and function. The persistent contractile dysfunction in reperfusion 
injury, despite the presence of normal or elevated intracellular Ca^"^ has led to the 
hypothesis that the primary mechanism responsible for the observed contractile dys- 
function is decreased sensitivity of myofilaments to Ca^^. Ca^"^ overload may acti- 
vate a Ca^'^-dependent protease (calpain) that causes the proteolysis of myofilament 
regulatory proteins including Troponin I (Tnl) and a-actinin, and that Ca^"^ over- 
load is associated with myofilament disassembly. However, the role of Tnl degrada- 
tion in myocardial stunning is controversial. While some studies have shown 
degradation of Tnl during I/R (48—51), others have shown no change in Tnl levels 
(52—54). Also, alterations in sarcomeric organization could lead to myofilament con- 
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Myofilaments 



Figure 1. Proposed link between alterations in ROS, intracellular Ca^"^ overload and contractile 
dysfunction in cardiac myocytes. Exposure of cardiac myocytes to H 2 O 2 results in the activation of 
src and PKC. 1. Src activation leads to the phosphorylation and activation of ERKl/2 MAPK, 
which phosphorylate the COOH tail of NHE-1 thereby increasing exchanger activity. PKC may also 
directly phosphorylate NHE-1. The net rise in intracellular Na"^ alters NCX activity leading to intra- 
cellular Ca^"^ overload. 2. Activation of p38 MAPK and Ca^"^ overload may contribute to contractile 
dysfunction by altering myofilament organization. 



tractile dysfunction associated with oxidant-induced I/R injury. MAPKs potentially 
play a major role in regulating this contractile dysfunction. JNK or p38 MAPK can 
regulate both sarcomeric assembly and stress fiber formation in cardiomyocytes 
(55,56). Interestingly, simultaneous over-expression of both JNK and p38 leads to 
myofibrillar disassembly (57). Other studies have shown that different isoforms of 
p38 MAPK are involved in sarcomeric assembly and apoptosis (56-58). Even in the 
absence of Ca^"^ overload, ROS may decrease contractility by altering myofibrillar 
ATPase, decreasing creatine kinase activity, stimulating myosin phosphatase, or by 
metabolic depletion of ATP (59,60). Thus, it seems clear that the principal initiator 
of myocardial stunning is oxidant stress while the principal mediator is a decrease 
in the maximal Ca^'^-induced activation of the myofilaments. 

CONCLUSIONS 

These recent advances have contributed to the understanding of the chain of events 
that link the ROS burst with Ca^'^ overload and the subsequent contractile dys- 
function. It is likely that ROS-induced stimulation of sarcolemmal NHE-1 activity 
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pays an important role in myocardial to the myocardium during I/R injury Further 
chnical trials are necessary to determine the protective effects of NHE-1 inhibitor 
therapy against ischemia related myocardial injury. 
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Summary, Acute myocardial ischemia leads to an increase in the systolic and diastolic levels 
of the intracellular calcium transient during the first few minutes. This overall increase is asso- 
ciated with beat-to-beat fluctations in the peak and trough levels of the transients — calcium 
transient alternans. New advances in fluorescence imaging techniques have allowed the spatial 
distribution of calcium transient alternans to be studied during ischemia, and to be corre- 
lated with similar imaging of the cardiac action potential. These studies provide further evi- 
dence that alternans phenomena are responsible for the genesis of ventricular fibrillation 
during acute ischemia, and suggest specific molecular mechanisms that could be involved. 

Key words: Calcium, Ischemia, Fluorescence, Action Potentials, Fibrillation. 

INTRODUCTION 

Substantial advances have occurred in the last few decades in our understanding of 
how cardiac ischemia affects cytosolic calcium levels, and the role that calcium may 
play in the arrhythmias of acute ischemia. Principal advances that have occurred 
since 1985 include the use of fluorescent calcium indicators to record cytosolic 
calcium transients from intact hearts, and the use of high resolution optical imaging 
to characterize the spatial distribution of abnormalities in the calcium transient 
under conditions where ventricular fibrillation occurs. 
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There are two types of arrhythmias in humans where the activation of abnormal 
ion currents by cytosolic calcium is clearly the cause of the arrhythmia. These are 
the triggered arrhythmias associated with digitalis toxicity, and the hereditary 
arrhythmias associated with mutations in the calcium release channel (also called the 
ryanodine receptor). The latter group of arrhythmias are frequently precipitated by 
exercise or catecholamine release (1-3). There is considerable evidence that the more 
common lethal arrhythmias that occur in the pre-hospital phase of myocardial 
infarction — chiefly ventricular fibrillation — also involve calcium activated membrane 
currents. A key piece of evidence is the fact that drugs which prevent calcium over- 
load, such as beta blockers and the non-di-hydropyridine calcium channel blockers, 
can prevent ventricular fibrillation when given prior to coronary artery occlusion 
(4,5). This observation has held up consistently in animals despite the inabihty of 
calcium channel blockers to favorably impact survivial in prospective studies of 
patients with coronary artery disease. Fibrillation during ischemia can also be 
prevented by ryanodine, which blocks the calcium release channel (6). However, 
additional research is needed to determine with certainty whether abnormalities 
in cytosolic calcium directly mediate the initiation of lethal arrhythmias during 
ischemia. 



Role of alternans in acute ischemic arrhythmias 

Extensive research has shown that alternans phenomena, including alternans of the 
action potential duration, force of contraction and the electrocardiographic T-wave 
immediately precede the onset of ventricular fibrillation during coronary artery 
occlusion in large mammalian hearts. There is general agreement that T-wave alter- 
nans during the early phase of ischemia is caused by fluctuations in action poten- 
tial duration (APD) and that these fluctuations in APD can be out of phase in 
different regions of the heart (7) . This spatial heterogeneity of action potential dura- 
tion leads to dispersion of refractoriness in which the gradient of repolarization 
reverses with every beat, and repetitive beats, such as those produced by re-entry or 
a rotor, encounter a constantly changing pattern of refractoriness that degenerates 
into chaos. 

There is also general agreement about the following points: First, it is generally 
agreed that mechanical alternans occurs in the first few minutes of ischemia, which 
is the same time period when APD alternans develops. Second, there is clear evi- 
dence that mechanical alternans during ischemia is due to alternation in the ampli- 
tude of the calcium transient (calcium transient alternans) and not to fluctuations 
in myofilament length (8). Third, there is clear evidence that mechanical alternans 
and APD alternans both occur in conditions other than ischemia, such as rate jumps 
and premature stimuli, and that under these conditions, the relationship between the 
two phenomena is sufficiently reproducible to imply causation — i.e. causation of 
one phenomenon by the other, or of both phenomena by some common factor. 
Fourth, it is clearly established that intracellular calcium can effect several different 
membrane currents, and that these calcium-activated or calcium modified currents 
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could explain coupling between electrical alter nans and mechanical alter nans. A key 
point, here is whether the relationship between the calcium transient and the action 
potential is concordant (longer action potential with large calcium transient) or dis- 
cordant (longer action potential with small calcium transient). Modulation of ion 
currents by cytosolic calcium could explain either of these phenomena, but it is 
important to establish which phenomenon occurs with ischemia, and whether the 
relation between the calcium transient and action potential is constant from one 
experiment to another, and in all animal species. 

Previous studies establishing a possible relationship between APD alter nans, 
calcium transient alternans and ventricular fibrillation during ischemia fall into seven 
categories: 

A. Floating Microelectrode studies. A study by Downar (9) first showed that APD alter- 
nans occurs in the first 4 min. of ischemia in the pig heart and this is associated 
with T-wave alternans. APD alternans occurred with little change in action 
potential amplitude. 

B. Studies of t-wave alternans in open chest animals. Computer techniques for mapping 
t-wave alternans on the surface of the ischemic pig heart were developed by 
Carson et al. (10). T-wave alternans was shown to eminate from hot-spots a few 
mm across. Similar maps were constructed by Konta (11) who showed that the 
severity of t-wave alternans, as shown by the maps, predicted which hearts would 
develop ventricular fibrillation. 

C. Computer models of APD alternans. APD alternans is known to develop if the slope 
of the APD restitution curve exceeds 1, and the tissue is paced above a rate 
threshold. Two laboratories have used computer modeling to show that in sheets 
of simulated cardiac cells, spatially out of the phase alternans could develop on 
this basis alone, with flow of electric current through gap junctions organizing 
the cells into independent “domains. (12,13). These models made no predictions 
about the behavior of calcium transients, and seem not to have considered the 
effects of calcium activated currents, or flow of calcium ions across gap junc- 
tions. These studies leave open the possibility that ischemia simply changes the 
restitution curve so that APD alternans develops, and that this has nothing to do 
with calcium or with the processes that produce calcium transient alternans. In 
view of these studies, it is important to determine if alternating calcium tran- 
sients are usually or always present in specific regions of the ischemic heart having 
APD alternans. 

D. Recordings of action potentials with potentiometric dyes and MAP electrodes during 
ischemia. APD alternans during ischemia has been studied with the Franz 
monophasic action potential electrode in the ischemic rabbit heart by Lee et al. 
(14) and by Kurz et al. (15). In these studies it was possible to record APD 
alternans simultaneously at two sites that were out of phase, by using two MAP 
electrodes. It was also possible to record APD and calcium transient alternans 
from the same heart by placing the MAP electrode near an 11 -mm diameter 
fiberoptic probe. Much more detailed spatial resolution of action potentials in 
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intact hearts can be obtained using optical mapping with the potentiometric dye 
di-4-ANEPPS, together with high resolution imaging cameras (see below). 

E. Physiologic recordings of calcium transient alternans in cardiac muscle. There have been 
a total of 10 peer-reviewed papers published which contain actual recordings of 
calcium transient alternans in cardiac tissue. Such papers first appeared in 1988, 
when it became possible to record calcium transients from multicellular cardiac 
preparations, including intact hearts (14). Most of the papers published before 
1999 are mentioned in a review by Euler (16). Five of the 10 papers include 
attempts to record the action potential concurrently. Three of the papers pertain 
to calcium transient alternans induced by ischemia, and an additional paper 
involves simulated ischemia. The studies describing alternans in conditions other 
than ischemia involve rapid pacing, or premature beats, or alternans occurring 
spontaneously, sometimes in hypertrophied or failing hearts. This is a remarkably 
small amount of research given the strong evidence that electromechanical alter- 
nans is a major cause of death in humans. 

E Voltage clamp experiments. Chudin et al. (17) used voltage clamp to impose action 
potentials of fixed duration on rabbit ventricular myocytes which had shown 
concordant APD and [Ca*^], transient alternans when stimulated rapidly without 
voltage clamp (Figure 1). Their recordings showed the same degree of [Ca"^], 
transient alternans when APD was fixed as when it varied. They conclude that 
the [Ca"^], alternans was not being caused by variations in APD and that the 
reverse may be true. A similar result was obtained by Orchard et al. (18) who 




Figure 1. Action potential duration and [Ca"^], transient alternans in an isolated rabbit ventricular 
myocyte during rapid pacing. In the left panel, APD alternans is evident with no change in action 
potential amplitude. There is associated calcium transient alternans, with the tall [Ca"^], transients 
accompanying the broader action potentials. The diastolic [Ca"^], level also fluctuates, so that the 
shorter transients arise from a higher baseline. In the right hand panel, a voltage clamp circuit has 
been used to impose action potential waveforms of constant duration at the same frequency as the 
left hand panel. This maneuver has no eflect on the [Ca"^], transients, which show the same degree 
of alternans as in the undamped condition. From Chudin et al. (17). 
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used square voltage pulses to study mechanical alternans induced by acidosis in 
ferret heart muscle. They observed concordant alternating tail currents, (larger 
tail with stronger contraction) which they ascribed to calcium-activated inward 
current. The above two studies are consistent with older results by Morad and 
Trautwein (19) showing that moderate changes in APD do not affect contrac- 
tion strength during single beats in the mammalian heart. 

G. Pharmacologic Studies. Drugs that prevent calcium cycling by the sarcoplasmic 
reticulum, such as caffeine and ryanodine can prevent both electrical and 
mechanical alternans (20). This would be consistent with the hypothesis that 
electrical alternans resulted from variations in a calcium activated ion current. 
Ryanodine can also suppress arrhythmias during ischemia (6). Pretreatment of 
pig hearts with verapamil prevents both t-wave alternans and ventricular fibril- 
lation (21). This suggests a role of calcium overload in electrical alternans, 
although this observation is less specific than observations involving ryanodine. 



Calcium transient alternans during ischemia in the rabbit heart 

Experimental studies of calcium transient alternans during ischemia have been most 
extensive in the rabbit heart. The ability to record cytosolic calcium transients from 
multicellular preparations was first established in rabbit hearts where it was found 
that arterial perfusion of the heart with the fluorescent indicator, indo-1, allowed 
acquisition of beat-to-beat transients from the epicardial surface (22). This observa- 
tion has been repeated in many laboratories, and a number of groups have studied 
the effects of ischemia. These studies showed that, in contrast to what was previ- 
ously believed, brief periods of ischemia (2-10 minutes) could produce an increase 
in cytosolic calcium that was not accompanied by cell necrosis, and was reversible 
on cessation of ischemia. Regular action potentials and calcium transients can occur 
under these conditions, with an increase in both the peak systolic and end-diastolic 
level of the calcium transients. This result has been obtained in three types of exper- 
iments: (a.) Total ischemia in rabbit hearts loaded with indo-1 by arterial perfusion 
(14,23); (b.) Total ischemia in ferret hearts where the epicardial cells have been 
loaded with aequorin (24); and (c.) Low flow ischemia in rat hearts loaded with 
indo-1 by arterial perfusion (25). The rise in diastolic calcium is thought to be due 
to failure of the sarcoplasmic reticulum to fully sequester calcium. The rise in 
calcium levels is associated with broadening of the calcium transient. There is a 
decrease in cellular pH under these conditions, and a fall in pH can increase sys- 
tolic and diastolic calcium levels in the absence of ischemia (23). 

After 2-4 minutes of ischemia, calcium transient alternans is frequently seen 
(Figure 2). There are beat-to-beat fluctuations in the peak systolic and end diastolic 
level of the transient, with the larger transients arising from a lower end-diastolic 
level and the smaller transients arising from a higher level. The presumed mecha- 
nism is that the SR has taken up more calcium prior to the large transients, and 
therefore releases more. Concurrent recordings of mechanical force obtained with 
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Figure 2. Calcium transient alternans induced by 2.5 min. of ischemia in a blood perfused rabbit 
heart. Recordings from the same heart prior to ischemia did not show alternans. The heart is loaded 
with the long wave length [Ca'^j, indicator, Fura Red, which gives a fluorescence decrease in response 
to a rise in cytosolic calcium. The heart is illuminated at 546 nm and emissions are collected with a 
645 nm long pass filter. A ratio of fluorescence emissions to reflected excitation hght is used to reduce 
certain artifacts. For each pair of beats, an alternans ratio can be calculated as 1 - (B/A) were B is the 
net amphtude of the smaller transients and A is the net amplitude of the larger transients. From Wu 
and Clusin (29). 



epicardial strain gauge transducers or an intracavitary balloon show mechanical alter- 
nans in which relaxation is more complete prior to the strong beat. The extent of 
diastolic mechanical alternans is greater with the strain gauge transducer than the 
intracavitary balloon. 

Calcium transient alternans during ischemia can occur under conditions in which 
the action potentials are fuD sized, and fluctuate in duration only, as in Figure 1. 
Recordings showing this have been obtained in rabbit hearts by simultaneous use 
of an optical probe and a monophasic action potential electrode (14). However, in 
these experiments, the two recordings were obtained from regions of myocardium 
several mm apart, so the relationship between the action potential and the calcium 
transient during ischemia remains to be fully defined. 

In the intact animal, or human, ischemia occurs in the presence of blood. Wu 
and Clusin (26) compared the effects of ischemia in saUne-perfused versus blood- 
perfused rabbit hearts. They developed an alternans ratio, defined as 1 — B/A where 
A is the net amplitude (end-diastolic value to peak systolic value) of the taller tran- 
sient and B is the net amplitude of the smaUer transients (Figure 2). Alternans 
occurred in 9 of D blood-perfused ischemic hearts (82%) and in 6 of 14 saline per- 
fused hearts (43%). The mean alternans ratio was 22.8% in the blood perfused hearts 
and 7.3% in the saline-perfused hearts (P < 0.005). These results indicate that occur- 
rence of alternans is greatly potentiated by the presence of blood. Soluable factors 
present in blood including thrombin (27), and platelet release products (28) might 
contribute to this effect. 

Recordings of calcium transient alternans in the presence of blood can only be 
obtained if a long wave length indicator is used. Wu and Clusin used the indica- 
tor, Fura Red, where fluorescence decreases on binding calcium (Figure 2). Qian 
et al. (29) used rhod-2 in blood perfused hearts with equally good results. Rhod- 
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2 had been used by others in saline perfused hearts. Both Fura Red and rhod-2 
give larger fluorescence changes (AF/F) during the calcium transients than indo-L 
With both indicators, the calcium-dependent fluorescence change greatly exceeds 
the motion artifact, w^hich allow^s single wave-length calcium transients to be used 
without the need for a fluorescence ratio. 

Spatial heterogeneity of calcium transient alternans 

Qian et al. (29) have recently studied the uniformity of calcium transient alternans 
in the rabbit heart by optical mapping with a high-resolution digital camera. This 
camera could acquire images of 100 X 100 pixels every 3.3 msec. Based on earlier 
recordings of mechanical alternans with epicardial strain gauges, it was expected that 
alternans could be out of phase in discrete regions of the epicardial surface during 
ischemia. 

Figure 3 shows an example of calcium transient alternans that is out of phase in 
two pixel regions from the same ischemic heart. In A, the first and odd beats show 
large calcium transients, while in B, the second and even beats show large calcium 





Figure 3. transient alternans from 2 different pixels in a blood perfused ischemic rabbit heart 

loaded with the fluorescent indicator rhod-2 AM. The heart is illuminated by a laser at 532 nm, and 
emissions are collected by a high speed imaging camera with a 600 nm long pass filter. The heart did 
not show alternans prior to ischemia. The location of these pixels is shown in Figure 5 ([50,71] for 
A; [20,40] for B). From Qian et al. (29). 
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transients. The physical distance between these pixels is 1 1 mm, which means that 
the cells within these pixel regions would not have any direct electrotonic coupling. 

Similar recordings from 8 pixels in a different heart are shown in Figure 4. Here 
two pixels are displayed in each of four panels. In the top panel, the pixel shown 
in green (1) has uniform calcium transients from beat-to-beat, while the pixel shown 
in white shows marked calcium transient alternans, with the first and odd beats taller 
and the second and even beats smaller. The physical distance beteen these pixels is 
3.6 mm. When an alternans map was constructed for this heart (see below) pixel 1 
turned out to lie at the boundary between two regions where alternans was out of 
phase. The second and third panels (pixels 3—6) show pairs of pixels with alternans 
that is out phase at the two sites. The physical distance between the pixels is 8 mm 
for 3 and 4 and 6 mm for 5 and 6. The bottom pair of pixels (7 and 8) shows alter- 
nans that is of the same phase, but the extent of alternans (alternans ratio) is 
markedly different. The physical distance between these pixels is 2.6 mm. 

Qian et al. (29) found that the spatial distribution of alternans could be analyzed 
by construction of alternans maps. The principal feature of the alternans maps was 




Figure 4. Calcium transients from 
selected pixels in a different blood-perfused 
rabbit heart. The duration of ischemia is 4 
mm. No alternans was present prior to 
ischemia. The middle two panels show 
pairs of pixels where alternans is out of 
phase. In the top panel, pixel one shows 
uniform calcium transients. In the bottom 
panel, both pixels show alternans of the 
same phase, but the alternans ratio is much 
larger for pixel 8 than 7. From Qian et al. 
(29). 
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that alternans occurs in discrete regions, and that regions where alternans is out of 
phase are separated by a boundary along which pixels showing uniform calcium 
transients can be found. Two types of alternans maps are possible, qualitative and 
quantitative. For a qualitative map, two different symbols are used for alternans that 
is out of phase, and a third symbol is used for uniform calcium transients. In the 
case of a quantitative map, the same is done, but the alternans ratio values (Figure 
2) are displayed for each pixel. 

Figure 5 shows a quantitative alternans map for the same experiment as Figure 3. 
Pixels with a low alternans ratio (less than 0.25; yellow highlight), including those 
with no alternans (alternans ratio = 0), form a boundary between two regions with 
high alternans ratios where alternans is out of phase. Inspection of the ratio values 
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Figure 5. Quantitative alternans map for the experiment in Figure 3. One hundred thirty six pixels are 
plotted. Pixels showing alternans with the odd transient taller are plotted as filled circles (•). All of these 
pixels form a contiguous region located at the bottom of the figure. Pixels having the opposite pattern 
with even transients taller are shown as X s. These pixels form a contiguous region at the top of the 
figure. Twenty pixels have uniform calcium transients and are plotted as open circles (os). These are 
located along the boundary between the two regions that are out of phase. Alternans ratios have been 
calculated for most of the pixels. Alternans ratios less than or equal to 0.25 are highlighted in yellow. 
These form a boundary between the two regions with marked alternans (blue and tan highlights). 

Thirty six pixels that were interrogated showed atypical fluctuations in [Ca""^], and were not plotted. 
Adapted from Qian et al. (29). 
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Figure 6. Quantitative alternans map for a different heart, in which only one region with alternans is 
present. Alternans ratio values are shown for pixels with alternans. Pixels not showing alternans have a 
ratio value of zero. Pixels were interrogated quasi-systematically using a mouse. From Qian et al. (29). 



shows that the ratio behaves as a continuous variable, transitioning gradually from 
high values (blue and tan highlights), where there is marked alternans, to zero at the 
boundary, to high values again where there is marked alternans of opposite phase. 

Figure 6 shows a quantitative alternans map from another heart. In this map there 
is only one region with alternans, which is entirely surrounded by pixels showing 
no alternans. All pixels with alternans had the same phase relationship, and the pixels 
with relatively low alternans ratios (0.10 and 0.27) are closer to the boundary than 
the other pixels. 

Qian et al. (29) discussed several possible explanations for the spatial patterns of 
calcium transient alternans. Based on the depth of penetration of the excitation and 
emission light, it was estimated that each pixel would include about 360 myocytes. 
It is clear that if the phase of alternans within these cells were completely random, 
there should be no significant variation in the amplitude of calcium transients from 
odd to even beats. Clearly, some physical process acts to synchronize the phase rela- 
tionship of alternans within each pixel and among nearby pixels. One possibility is 
that the duration of the cardiac action potential determines the amplitude of each 
calcium transient, and varies from beat to beat. In that case, electrotonic interac- 
tions could tend to synchronize alternans in nearby cells. The experiment in Figure 
1 argues against this possibility and there is other evidence that the duration of the 
cardiac action potential does not control the amplitude of the calcium transient on 
a beat-to-beat basis. 

An alternative way in which the synchronization might occur would involve 
movement of cytosolic calcium across gap junctions so that a large transient in one 
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cell would favor the occurrence of a large transient in the adjoining cells to which 
it was coupled. The fact that calcium can cross gap junctions and modulate calcium 
release in adjoining cells has been proven by the study of triggered propagated con- 
tractions (30,31) in which waves of calcium-induced calcium release can propagate 
from cell to cell in the absence of action potentials. In the case of alternans, wave 
propagation would not be involved, since the cells do have action potentials, with 
nearly simultaneous upstrokes. However, movement of calcium across gap junctions 
could synchronize the alternation of the calcium transients during ischemia so that 
the large transients would occur together in adjoining cells, followed by small tran- 
sients on the subsequent beat. 



Studies of APD alternans during ischemia using potentiometric dyes 

Three different experimental techniques have been used to study APD alternans, 
each of which has different drawbacks. Use of floating microelectrodes is painstak- 
ing, but persuasive, and a few recordings have been obtained with this technique 
which show APD alternans that is out of phase at different sites in the same ischemic 
heart (32). A technique that is somewhat more manageable is the contact monopha- 
sic electrode invented by Franz. Recordings with this device have confirmed that 
APD alternans can be out of phase at two different sites on the same ischemic heart. 
The principal drawback of this technique is the low spatial resolution, which is 
based on the fact that recordings are obtained from a circular area approximately 3 
mm across. As noted above, significant variations in the calcium transient alternans 
ratio can occur within this distance (29). A modified version of this device allows 
optical recordings of calcium transients to be obtained from the same region of cells 
that produces the MAP (33). However, spatial resolution is still not be as good as 
that obtained by high resolution optical imaging. 

High resolution optical imaging can be used to record simultaneous action poten- 
tials from many points on the heart surface using potentiometric dyes, which change 
their fluorescence in a linear fashion with changes in membrane potential. In a par- 
ticularly elegant study, Choi and Salama (34), showed that calcium transients and 
action potentials could be recorded concurrently from small regions of saline- 
perfused, non-ischemic guinea pig hearts that were co-loaded with rhod-2 AM and 
with the potentiometric dye RH-237. 

Potentiometric dyes have two important limitations. First, the change in fluores- 
cence with these dyes is smaller than for the long wave length calcium indicators 
or indo-1, and no ratio signal can be obtained. Consequently motion artifact is a 
more serious problem. Some laboratories utilize contraction blockers such as 
D-600, which would be inappropriate for studies involving ischemia. Among the 
available potentiometric dyes, di-4-ANEPPS gives one of the largest fluorescence 
changes, but this dye cannot be used in hearts co-loaded with rhod-2 or Fura Red 
because all three dyes have approximately the same emission spectrum. The second 
limitation of potentiometric dyes is that the fluorescence signal deteriorates some- 
what during ischemia. 
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Figure 7. Optically recorded actican potentials from a blood-pertused rabbit heart stained with the 
potentiometric dye di-4-ANEPPS, and rendered globally ischemic lor three min. by stopping flow. 
There is marked API) alternans with a variation in API):sn of about 60%. A control recording showed 
uniform action potentials prior to ischemia. The right hand panel shows superimposition ol recordings 
from two pixels in the same heart. For the first and odd numbered beats, the action potential from 
pixel 1 is much longer than the action potential from pixel 2. For the middle beat, the reverse is true. 
This fluctuating repolarization sequence would strongly favor the development of fibrillation. The 
physical distance between these pixels was 4 mm. A map of contiguous pixels shows two regions of 
APD alternans that is out of phase, and separated by a boundary. 



In Spite of these limitations, Qian et al. (35) were able to record APD alternans 
in a series of blood perfused hearts loaded with di-4-ANEPPS. A total of seven 
hearts were studied, of which six showed calcium transient alternans in at least some 
pixels during ischemia. Action potentials were uniform prior to ischemia and never 
developed alternans until after the second minute of ischemia. Figure 7 shows action 
potentials recorded from individual pixels in one of the hearts that developed alter- 
nans. These recordings were obtained at three minutes of ischemia. The left hand 
portion of the figure shows five consecutive action potentials from one pixel. The 
right hand portion of the figure shows superimposition of action potentials from 
two pixels where alternans is out of phase. The physical distance between these 
pixels was 4 mm. During the first and last beat, the action potential from the pixel 
labelled 1 is much longer than the action potential from the pixel labelled 2. During 
the middle beat, action potential 2 is longer. For this heart it was possible to con- 
struct a map of APD alternans similar to the maps of calcium transient alternans 
shown in Figure 5 and 6. As with calcium transient alternans, there were two dis- 
crete regions showing alternans that was out of phase. These regions were separated 
by a roughly linear boundary. It is presumed that it calcium transients could have 
been recorded from the same two regions, they would also show alternans that was 
out of phase. However, this assumption requires further experimental proof, which 
may require additional refinement of the recording techniques. 

Feasibility of recording calcium transients in vivo 

One important drawback of the isolated rabbit or rat heart is that it does not develop 
ventricular fibrillation during brief periods of ischemia. The most reliable way to 
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observe ventricular fibrillation during ischemia, is to perform experiments in open 
chest dog or pig hearts. A model of ischemia-induced ventricular fibrillation has 
been developed in which VF can be induced in the canine heart during a 
predictable period of time by simultaneous occlusion of the LAD and circumflex 
arteries during pacing at 3 per second. In this model VF occurs after 2-3 min. of 
ischemia but is prevented or greatly delayed by pre-treatment with the calcium 
channel blocker diltiazem (5). Onset of ventricular fibrillation also occurs predictably 
during occlusion of the left anterior descending artery in pigs, typically in the first 
5-20 min. 

In order to correlate changes in the calcium transient with onset of ventricular 
fibrillation, it would be necessary to record calcium transients in a large animal heart 
in vivo during occlusion of a coronary artery. This poses several problems. First, 
blood would have to be present in the heart. Second, motion artifact and immo- 
bilization would present much greater problems; and third, loading of the heart 
would be complicated by the tendency of blood cells to take up and consume the 
cell permeant AM form of the dye. 

Figure 8 shows a recording of calcium transients that was obtained from the left 
ventricular surface of the heart of an open chest pig using the cell-permeant indi- 
cator rhod-2 and a special fiber-optic probe mount that was designed to stabilize 
the optical apparatus and and eliminate motion. Calcium transients have now been 
recorded from open chest pigs with both rhod-2 and Fura Red (36). Two methods 
of loading have been developed. One method is to use an angioplasty catheter with 
a perfusion port to occlude the left anterior descending artery and perfuse distal to 
the occlusion with oxygenated saline solution containing rhod-2 AM. The angio- 
plasty catheter allows red cells to be washed out of the vasculature while the loading 
proceeds. The second method is to infuse saline solution containing the AM indi- 
cator into the extracellular space using a very small needle and a syringe pump. The 
hand-held fiberoptic probe is then placed directly over the stained region of sub- 
epicardial tissue. Based on the above methods, it is clear that recordings of calcium 
transient alternans at the onset of ventricular fibrillation are practical to obtain. 

Relationship between calcium transient and APD alternans 

As noted above, there are a number of mechanisms by which calcium transient and 
APD alternans could be interrelated. In some of these schemes a calcium-activated 
ion current would be involved, so that the abnormality in intracellular calcium han- 
dling would be the primary cause of the arrhythmias. Not all possible schemes 
require this, however, and since intracellular calcium can produce either an inward 
current or an outward current, the relationship between the calcium transient and 
the action potential could be either concordant or discordant. Four specific possi- 
bilities need to be considered: 

1 . It is possible that APD alternans is purely due to changes in the restitution curve, 
and that this does not involve cytosolic calcium. Calcium transient alternans 
could occur by a different mechanism, and there could be cells which exhibited 
APD alternans without calcium transient alternans, and vice versa. This needs to 
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Figure 8. Recording of calcium transients obtained from the left ventricular surface of a pig heart 
loaded with rhod-2 AM. Rhod-2 was loaded into the left anterior descending artery using an 
angioplasty catheter. A hand held fiber-optic probe is used to illuminate the heart surface, and capture 
fluorescence emissions. The probe is immobilized by a tight fit between the plastic receptacle that 
contains the optic fibers (touching heart) and a C-shaped probe immobilizing device sutured to the 
heart (not visible). Three of the eight fiber optic bundles used to collect fluorescence emissions are 
visible as they insert into the tip of the probe. Fura Red has also been used successfully to record 
calcium-dependent fluorescence transients from open chest pig hearts. 



be tested experimentally by making simultaneous recordings of both signals from 
the same cells in a large number of ischemic hearts. 

2. If AP alternans involved beat-to-beat variation in the amplitude as well as the 
duration of the action potential, there could be variations in the amount of 
trigger calcium, which could lead to fluctuations in calcium transient amplitude. 
In this case, action potential amplitude alternans would be the primary event and 
calcium transient alternans a secondary phenomenon. While there are some pub- 
lished recordings in which AP amplitude does vary from beat to beat, there are 
many examples like Figure 1 in which only APD varies. Morad and Trautwein 
(19) previously showed that action potential duration does not contol contrac- 
tion strength on a beat to beat basis, except when the action potential is very 
short. 
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3. APD alternans could be a consequence of calcium transient alternans, with the 
long action potentials coupled to the taller transients (concordant alternans; 
Figure 1). This would reflect the operation of a calcium-activated inward current, 
such as electrogenic sodium/calcium exchange, which is believed to contribute 
to the maintenance of the action potential plateau. 

4. APD alternans could be a consequence of calcium transient alternans in which 
the tall calcium transient accompanied the briefer action potential (discordant 
alternans). There are two known mechanisms that could explain this. First, a rise 
in cytosolic calcium is known to favor more rapid inactivation of the L-type 
calcium current, which maintains the action potential plateau. Faster inactivation 
of the calcium channel presumably explains the reduction in action potential 
duration with flash photolysis of caged calcium (Nitr-5, ref. 37) or direct 
injection of calcium into cardiac Purkinje fibers (38). A second mechanism for 
discordant alternans would involve calcium activated chloride channels (39,40), 
which help mediate phase I repolarization of the action potential in some, but 
not all cardiac cells. 

With schemes one, three and four above, the calcium transient alternans would be 
a primary phenomenon and not a simple consequence of variation in the action 
potential. If this is the case, a molecular explanation needs to be found whereby 
ischemia would produce variations in the amount of calcium released from the sar- 
coplasmic reticulum. One possibility is that effects of ischemia on cytosolic pH are 
responsible for fluctuation in calcium release from the SR. Mohabir et al. (23) mea- 
sured cytosoHc pH in the rabbit heart using the fluorescent pH indicator BCECF 
and found that 3 min. of ischemia produced a fall in cytosolic pH to 6.65. 
Acidosis was shown by Orchard et al. (18) to produce mechanical alternans and alter- 
nating inward tail currents in voltage-clamped papillary muscles of the ferret heart. 
They induced intracellular acidosis using 15% and 30% CO 2 solutions, which had pH 
values of 6.7 and 6.85, respectively. Thus, it seems quantitatively plausible that 
ischemia-induced acidity is the entire explanation for calcium transient alternans. If 
that were the case, the next question would be whether acidity is titrating a single 
residue on a single protein, such as the calcium release channel, or whether more than 
one titration site is involved. Orchard et al. did specifically postulate that acidity was 
producing calcium transient and tail current alternans through an effect on the SR. 

A second possibly relevant result is the fact that tissue hypoxia plus nitric oxide 
produces abnormal opening of the sarcoplasmic reticulum calcium release channel 
(41). It is possible that elevated nitric oxide levels occur with ischemia that would 
lead to abnormal opening of the calcium release channel. 

It is clear that further studies of calcium transient and action potential alternans 
during ischemia with simultaneous recordings of the two phenomena in the same 
cells is the key to understanding which of the above schemes is correct. Although 
there are considerable technical challenges in obtaining these recordings, method- 
ologic improvements have proceeded to the point where it should be to resolve 
these issues definitively. 
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Summary. The gap junction protein connexin-43 (Cx43) exists mainly in the phosphory- 
lated state in the normal heart. We have investigated short-term effects of ischemia on cardiac 
Cx43 phosphorylation and distribution, in four models: global ischemia of the ex vivo per- 
fused heart, left ventricular ischemia induced by irreversible coronary ligation in vivo, simu- 
lated ischemia on isolated adult myocyte pellets, and neonatal cardiomyocytes incubated in a 
hypoxia chamber. Antibody AB. 13-800 that recognizes specifically the 41kDa nonphospho- 
rylated form of cardiac Cx43 labeled intercalated discs (ICDs) in myocytes from perfused rat 
hearts subjected to 30 min global ischemia; also in myocytes at the infarct border 6 hours 
post-infarction. Ischemia induced a sharp increase in the 41 kDa Cx43 from perfused hearts, 
isolated adult myocyte pellets and neonatal myocyte cultures subjected to hypoxia. The protein 
phosphatase type 1/2A inhibitors okadaic acid and calyculin A, tested in the in vitro models, 
decreased ischemia-induced Cx43 dephosphorylation. The 41 kDa Cx43 was present in both 
Triton-soluble as well as Triton-insoluble (enriched in ICDs) cardiac membrane fractions, 
assessed by western blotting. We conclude that ischemia causes dephosphorylation of car- 
diomyocyte Cx43 in vivo as well as in vitro, and that this phenomenon occurs irrespectively 
of stage (neonatal or adult) or presence of cell contact. Cx43 dephosphorylation occurs at 
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ICDs, is mediated at least in part by PPl /2-type phosphatases, and would be expected to 
affect GJ function and contribute to ischemia-induced conductance and contractile changes. 

Key words: Ischemia models, gap junctions, phosphorylation. 

INTRODUCTION 

Gap junctions (GJ) are specialized regions of intercellular contact containing mem- 
brane channels through which cells exchange ions as well as metabolites and second 
messengers of less than 1 kDa. The GJ hemi-channels in each cell consist of hexa- 
meric aggregates of connexins; members of a multigene family (1). Each connexin 
has four conserved transmembrane domains, two highly conserved extracellular 
regions and two unique cytoplasmic regions (2). Individual tissues, and even cells, 
may express multiple connexin isoforms, contributing to distinct conductance and 
permeability properties. Three major connexin isoforms are expressed in cardiomy- 
ocytes (3): Cx43, the major channel protein of working ventricular cardiomyocytes; 
Cx45, found in the atrioventricular node and adjoining His bundles; and Cx40, 
expressed in the atria, and the fast conducting tissue of the His-Purkinjee system. 

In the adult heart, GJ localized predominantly at the ICDs between cardiomy- 
ocytes, provide cell-to-cell electrical continuity, support coordinated contraction, 
allowing the heart to perform as an effective pump (3). Changes therefore in Cx43 
levels and properties would be expected to affect cardiac function. 

Regulation of Cx43 can occur at multiple levels such as in transcription, trans- 
lation, post-translational modification, assembly and degradation (1). Changes in the 
biochemical environment (pH, membrane composition) can alter GJ properties dra- 
matically (increase or decrease permeability). Changes can occur rapidly, within mil- 
liseconds, or slowly, over several hours. Regulation of connexins at the level of gene 
expression is effected by hormones, cAMP, growth factors and oncogenes (4). Phos- 
phorylation of connexins is an important regulatory mechanism, having profound 
effects on trafficking, assembly, turnover, conductance and overall permeability (5). 
It is important to note that Cx43 in the normal heart is predominantly phospho- 
rylated (6) pointing to a link between Cx43 phosphorylation and normal cardiac 
function. 

Cardiac pathology is accompanied by GJ changes, acutely and chronically. GJ 
remodehng occurs after myocardial infarction at the border zone between scar and 
viable myocardium: GJ are no longer restricted to the ICDs but distribute along the 
whole sarcolemmal membrane (7). Decreased Cx43 levels are detected in hiber- 
nating, hypoflmctional human myocardium (8). In general, overall Cx43 expression 
may increase in the early stages of compensatory hypertrophic growth while chronic 
ventricular dysfunction and heart failure are associated with diminished Cx43 
expression and reduced GJ (9). Changes in GJ levels and distribution have been 
proposed to underlie the development of arrhythmias, and exacerbate ventricular 
dysfunction (3). The critical role of GJ in arrhythmogenesis and contraction was 
demonstrated recently, by conditional inactivation of the Cx43 gene in the heart; 
this resulted in loss/decrease of Cx43, spontaneous ventricular arrhythmias, and con- 
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tractile abnormalities (10,11). Preservation of GJ function is therefore an important 
therapeutic target for the diseased heart. 

Ischemia induces dephosphorylation of Cx43 in the heart (7) (13). Since phos- 
phorylation has been demonstrated to affect coupling and/or membrane association 
in many systems, Cx43 dephosphorylation would be expected to impact on its prop- 
erties in situ and affect cardiac function. Manipulations therefore aimed at control- 
ling Cx43 phosphorylation, or preventing its dephosphorylation, may also have 
therapeutic implications. In vitro models of ischemia, assuming they reflect perti- 
nent in vivo responses, can be used to explore ways of manipulating Cx43 phos- 
phorylation and offer many advantages since they allow tighter control of conditions 
as well as the testing of a large number of physiologically important molecules and 
“drugs”. For this purpose we have examined and compared the effects of ischemia 
on the accumulation and subcellular localization of the 41 kDa d-Cx43 in four dif- 
ferent rat models: the perfused heart subjected to global ischemia, the in vivo heart 
after myocardial infarction, isolated adult cardiomyocytes subjected to simulated 
ischemia, and neonatal cardiomyocytes subjected to hypoxia. 

METHODS 

Animals and Models of Ischemia: Spague-Dawley rats (250 g) were used throughout, 
following the guidelines of the Canadian Council on Animal Care. For the in vivo 
experiments, left ventricular myocardial infarction was induced surgically by irre- 
versible coronary ligation, as described (14). For the ex vivo experiments, hearts, 
obtained rapidly after the animal was killed by decapitation, were perfused through 
the aorta at a constant pressure of 80 cm H 2 O using oxygenated Krebs-Henseleit 
buffer (pH 7.4, 37.4°C) solution. Hearts were paced at 4 Hz (240 bpm) and func- 
tion monitored via a water-filled balloon introduced in the left ventricle and con- 
nected to a pressure transducer (12,15). Hearts from “control” or “ischemic” groups 
were submitted to 20 min of stabilization in normoxic conditions. The “ischemic” 
group was subjected to complete interruption of flow for 30 min under nor mo th- 
ermic conditions. 

In vitro ischemia: Adult cardiomyocytes were isolated as described (15) and were 
used in an in vitro model of simulated ischemia (mineral oil-overlay of myocyte 
pellets) as described (16). Neonatal myocyte cultures were prepared and maintained 
in culture for one week as described (17,18). They were incubated in a hypoxia 
chamber for 4 hours, in the presence of hypoxic medium, following procedures 
described previously by others (19). 

Immunofluorescence for Cx43 was performed as described (17). Hearts were frozen 
in an OCT-dry ice bath after 30 min ischemia or after stabilization in perfusion 
buffer. Sections (7 pm) were post-fixed for 15 min with freshly made 1% 
paraformaldheyde in cold phosphate buffered saline. Sections were observed and 
photographed using a Nikon Diaphot microscope equipped with epifluorescence 
optics. 

Western blotting for Cx43 was performed as described (17). Total heart extracts 
were obtained from 50 mg of minced ventricular tissue homogenized and sonicated 
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in SDS/PAGE sample buffer. Lysates were centrifuged at 1 3,000 rpm for 20 min, to 
remove residual tissue. Subcellular fractions were obtained from 100 mg of minced 
ventricular tissue (15). Cytosolic fractions (=C) were recovered as supernatant after 
homogenization in buffer containing Hepes (20mmol/L, pH = 7.4) and supple- 
ments (beta-glycerophosphate; 60mmol/L, EGTA; 5mmol/L, EDTA; 5mmol/L, 
PMSF; 1 mmol/L, sodium fluoride; Smmol/L, sodium orthovanadate; 1 mmol/L, 
leupeptin; 2 pg/mL, pepstatin; 2 pg/mL, aprotinin 2 pg/mL, E64 2 pg/mL) and cen- 
trifugation for 1 hour at 100,000xrpm at 4°C. Pellets were resuspended with a glass 
homogenizer in 0.5% Triton X-100 in PBS containing supplements as above, son- 
icated and incubated on ice for 30 minutes. Supernatants, obtained after 1 hour of 
centrifugation (100,000xrpm) constituted the Triton-X-soluble membrane fraction 
(=T). The final fraction (=S) was obtained by resuspending insoluble pellets in 
double strength SDS/PAGE buffer containing supplements as above with a glass 
homogenizer, and centrifugation at 13,000xrpm for 20 minutes to remove any insol- 
uble residue. All procedures were conducted at 4°C. Fractions were stored at ~70°C. 
Protein concentration was determined using the BCA method (Sigma) with bovine 
serum albumin as a standard. Antigen-antibody complexes were visualized by 
enhanced chemiluminescence (Pierce; Rockford, IL). 

Antibodies: Rabbit polyclonal antibodies (r.AB), recognizing Cx43. res. 367-382, have 
been described and characterized (18) and mouse monoclonal antibodies (m.AB) 
recognizing Cx43. res. 250-270 were purchased from Transduction Laboratories (Lex- 
ington, KY). Monoclonal antibodies raised against Cx43. res. 360-376, AB. 13-800, 
were characterized previously (20) and purchased from Zymed Laboratories (San 
Fransisco, CA). For immunofluorescence, r.AB, m.AB and AB. 13-800 were used at 1 
: 1000, 1 :200, and 1 :200 dilutions, respectively. For western blotting, they were used 
at 1 : 20,000, 1 : 10,000, and 1 : 2000, respectively. Rabbit polyclonal antibodies against 
N-cadherin were purchased from Santa Cruz laboratories (Santa Cruz, CA), and used 
at 1:100 dilution. 

Statistics: An unpaired two-tailed Student t-test was used to assess the statistical 
significance (p < 0.05) of differences between values from “non-ischemic” and 
“ischemic” samples for the densitometric measurements from Western blots. 

RESULTS AND DISCUSSION 

Cx43 distribution after global ischemia of the ex vivo perfused heart is shown in 
Figure 1. Antibodies r.AB and m.AB produced the well known punctate staining 
at the ICDs of cardiomyocytes of non-ischemic hearts (Figure l,a,b). In contrast, 
AB. 13-800 did not label cardiac myocyte ICDs in these hearts (Figure l,c), in agree- 
ment with our previous observations (20); simultaneous staining for N-cadherin 
points to the location of ICDs in the same field (Figure l,d,h). After 30 min 
ischemia, r.AB, and m.AB continued to label ICDs (Figure l,e,f). In contrast to the 
lack of staining of non-ischemic tissue, AB. 1 3-800 now clearly labeled the ICDs of 
myocytes (Figure l,g). Quahtatively similar observations were made in all car- 
diomyocytes in all fields observed (taken from several transverse sections per heart, 
from at least 6 different ischemic or non-ischemic hearts). Global ischemia there- 
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Figure 1. Localization of d-Cx43 to intercalated discs of ischemic hearts. A, B, C and D, sections from 
non-ischemic hearts. E, F, G, H, sections from ischemic hearts: A, B: Double immunofluorescence 
staining for Cx43, using r.AB and m.AB, respectively (see Methods for antibody description). E, F: 
Double immunofluorescence staining for Cx43, using r.AB and m.AB. C, D and G, H: Double 
immunofluorescence using AB. 13-800 (C, G) and an anti-N-cadherin antibody (D, H), respectively. 
Bar = 100 pm. 



fore resulted in accumulation of dephosphorylated (d-) Cx43 to the ICDs of all 
cardiomyocytes, in agreement with another report (13). 

To determine the effect of ischemia in vivo, we looked at the distribution of 
Cx43 6 hours after myocardial infarction induced by permanent coronary ligation. 
As reported by others (7), anti-Cx43 staining was lost from the main bulk of the 
infarct containing necrotic myocytes. The border zone between viable myocytes and 
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Figfure 2. Localization of d-Cx43 to intercalated disks of myocytes at the infarct border. A, B: Double 
immunofluorescencestaining for d-Cx43 or total Cx43, respectively. Arrowheads point to ICDs 
staining intensely for d-Cx43; arrows point to ICDs that stain weakly or negatively (asterisk) for 
d-Cx43 but strongly for total (presumably predominantly phosphorylated) Cx43. Bar = 50 pM. 



necrotic tissue displayed variable intensity of anti-Cx43 distribution at ICDs (Figure 
2A), probed with r.AB. This antibody detects total Cx43, decreases in relative inten- 
sity of staining therefore point to decreased levels of Cx43. The ICDs of myocytes 
closest to the infarct stained weakly (arrowheads, Figure 2A), implying loss of GJ in 
these cells. The AB. 13-800 produced strong staining of ICDs in myocytes at the 
infarct border, demonstrating presence of d-Cx43 at these sites (Figure 2B); occa- 
sionally, ICDs could be identified staining only for total and not for d-Cx43 (arrow 
with asterisk. Figure 2). Interestingly, staining for d-Cx43 was strongest in those 
border myocytes that presented weaker staining for total Cx43 (arrowheads, compare 
A and B pattern in Figure 2). Thus ICD heterogeneity is present at the infarct 
border: Cx43 can exist as mostly phosphorylated, or dephosphorylated, or a mixture 
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Figure 3. Ischemia induces time- dependent Cx43 dephosphorylation in isolated adult myocytes. Western blot 
of myocyte lysates probed for total (r.AB) or d-Cx43 (AB. 13-800), at different time points (0, 15, 30 
and 60 min), in the absence of okadaic acid (OA) as indicated. OA pretreatment decreases levels of 
d-CX43. Migration corresponding to 45kDa is indicated. 



of phosphorylated and dephosphorylated species. Also, it would appear that in 
myocytes at the infarct border d-Cx43 increases, while total, and phosphorylated, 
Cx43 decreases. It is possible that p-Cx43 is more vulnerable to ischemia- 
associated proteolysis and that dephosphorylation at the ICDs may prevent or delay 
its degradation. Inhibition of the proteasomal degradation pathway leads to 
preferential accumulation of d-Cx43 (21) and is cardioprotective. 

We used two widely used in vitro models to examine the effects of simulated 
ischemia on Cx43 dephosphorylation. In the first, isolated adult myocytes were 
pelleted and subjected to simulated ischemia by the oil-overlay method, for various 
time points (0-60 min). As shown in Figure 3, simulated ischemia caused time 
dependent increases in d-Cx43, followed by corresponding decreases in p-Cx43. 
Cx43 dephosphorylation upon ischemia therefore does not depend on intercellular 
communication and contact since isolated adult myocytes are not connected at 
ICDs. The second in vitro model consisted of confluent cultures of differentiated 
neonatal cardiomyocytes subjected to hypoxic medium and a hypoxia-chamber 
inclubation for 4h. Hypoxia in these cultures was also accompanied by Cx43 
dephosphorylation, as shown in Figure 4. Cx43 dephosphorylation therefore occurs 
irrespectively of stage (neonatal vs adult myocytes), and method of oxygen 
deprivation. 

We have used in vitro systems to test the role of PP 1/2 A type phosphatases in 
Cx43 dephosphorylation. As we reported recently (22), Cx43 dephosphorylation 
was partially prevented by okadaic acid (Figure 3) or calyculin A (Figure 4); both 
compounds are inhibitors of PPl/2A-type phosphatases. In subsequent experiments 
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Figure 4. Hypoxia induces dephosphorylation of Cx43 in neonatal cardiomyocyte cultures; Calyculin A 
decreases Cx43 dephosphorylation. Western blot of myocyte lysates probed for total (r.AB) or d-Cx43 
(AB.13-800), as indicated. (-I-) and (-) denote presence or absence of calyculin A respectively. 

we were able to demonstrate that complete prevention of ischemia-induced Cx43 
dephosphorylation could be achieved by combined inhibition of PPl and PP2B- 
type (calcineurin) phosphatases (Jeyaraman and Kardami, unpublished observations). 

While we established that Cx43 dephosphorylation occurs in all models of 
ischemia, an important issue that needs to be explored further is the localization 
and state of assembly/aggregation of d-Cx43, since phosphorylation is known to 
affect these properties. As shown in Figure 1, d-Cx43 localizes to the ICDs, however 
this does not necessarily show that d-Cx43 is a component of functional GJ. To 
approach this issue one may consider certain properties of the channels: Mature and 
functional intercellular GJ are highly aggregated structures that are not soluble in 
membrane detergents such as Triton X-100 (23), and are deemed to be composed 
of p-Cx43 (24). To determine whether d-Cx43 was distributed in the aggregated, 
Triton-insoluble cell fraction, we used the ex vivo heart global ischemia model. 
Hearts were subjected to subcellular fractionation and Western blotting analysis of 
cardiac cytosolic- (=Cyt), Triton-soluble membrane- (=T), and Triton-insoluble (but 
SDS soluble)- (=S) protein fractions. The S fraction is enriched in aggregated GJ 
proteins. Figure 5 shows the migration pattern as well as distribution of Cx43 before 
and after ischemia. It is important to remember that increased levels of Cx43 phos- 
phorylation display correspondingly decreased electrophoretic mobility (24). Before 
ischemia, Cx43 is present mostly in the S fraction, as predominantly p-Cx43; bands 
Pl-4, in order of decreasing mobility and increasing phosphorylation. A small 
amount of d-Cx43 (PO) is also detectable in this preparation. The T fraction con- 
tains both d-CX43 and some p-Cx43, the less phosphorylated species (PI, P2). After 
30 min ischemia, the S-fraction consists mainly of d-Cx43 (the PO species), while 
relative levels of p-Cx43 are reduced. The T-fraction consists entirely of d-Cx43 
after ischemia. In the experiment shown in Figure 5, Cx43 was detected using only 
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Figure 5. SubceUular distribution of the dephosphorylated and phosphorylated Cx43 species, before 
and after ischemia, as indicated. Western blot of myocardial membrane fractions, probed for total 
Cx43: T denotes the Triton-soluble, while S denotes the Triton-insoluble fractions. Pl-4 point to the 
migration of Cx43 species possessing increasing levels of phosphorylation. PO represent d-Cx43. 
Samples were analyzed in large format 9% polyacrylamide gels. Equal amounts of protein (20 |Xg) were 
loaded per lane. 



the p.AB. In another experimental series we used all three different anti-Cx43 anti- 
bodies (r.AB, m.AB and AB. 13-800) to assess the status and distribution of p- and 
d-Cx43. As shown in Figure 6, Cx43 was absent in the cytosolic fraction, as 
expected for a membrane protein. In non-ischemic hearts, the bulk of Cx43 was 
phosphorylated and was present in the S fraction (Figure 6). Ischemia caused a sharp 
increase in the 41 kDa Cx43, detected by aU antibody preparations, accompanied by 
a nearly complete disappearance of the more extensively p-Cx43 species detectable 
by both r.AB and m.AB. The remaining phosphorylated forms were composed 
mostly of the less phosphorylated '^43 kDa Cx43 species and were recovered in the 
S fraction, a finding consistent with their continuous presence at ICDs. Most of the 
increased 41 kDa Cx43 was also recovered in the S fraction, confirming that d-Cx43 
can exist in a highly aggregated state, and may form functional channels. A slight 
increase in 41 kDa Cx43 seen in the T fraction may reflect some redistribution of 
Cx43 from the S to the T fraction upon dephosphorylation, and/or prevention of 
Cx43 phosphorylation during ischemia. Presence of 41 kDa Cx43 in both the T 
and S fractions (Figures 5 and 6) suggested that it can exist in a “less” or “more” 
soluble form at the membrane, and that factors other than, or in addition to, its 
state of phosphorylation may affect its solubility properties. As a component of the 
connexon between myocytes Cx43 would be subjected to extensive thiol group 
cross-linking resulting in decreased solubility (23). 

To quantitate the relative proportions of d-Cx43 and p-Cx43 in non-ischemic 
and ischemic hearts we analyzed total cardiac lysates by western blotting and den- 
sitometry. This method was chosen as to limit dephosphorylation of Cx43 during 
handling; phosphatase inhibitors may not completely block Cx43 dephosphoryla- 
tion during more prolonged handling procedures such as the subcellular fractiona- 
tion used for the above (unpublished observations). We thus calculated that d-Cx43 
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Figure 6. Subcellular distribution of d-Cx43 in cardiac fractions as a function of ischemia, assessed 
by western blotting and three different anti-Cx43 antibody preparations (r.AB, m.AB and AB. 13-800), 
as indicated. C, T and S denote cytosohc, Triton X-100 soluble membrane, and Triton X-100 
insoluble (SDS soluble) particulate fractions, respectively. Equal amounts of protein per fraction (20 pg) 
were loaded per lane. Arrows point to the migration of the 45 and 41 kDa Cx43 bands. 



constituted 2.34% of total Cx43 in non-ischemic, compared to 72.5% in ischemic 
hearts (r.AB, and m.AB) (P < 0.05). Total levels of Cx43 did not seem to decrease 
during this period. 

The functional consequences of Cx43 dephosphorylation during ischemia are a 
matter of some debate, since studies have suggested increased or decreased GJ per- 
meabihty in ischemia. In oocytes (25), or in membrane artificial layers (26) d-Cx43 
channels show increased conductance properties. According to a recent report, GJ- 
permeable fluorescent dyes can still migrate between ischemic myocytes of the ex 
vivo heart. GJ channels furthermore have been shown to allow the spread of con- 
tracture that occurs after ischemia (27). Because these conditions cause dephospho- 
rylation of Cx43 (13), they would imply that cardiac GJ composed of d-Cx43 are 
permeable to ions and small metabolites, and are thus are capable of conduction. 
Similar findings have been reported for ischemic astrocytes (28). In contrast, another 
group reported that Cx43 dephosphorylation correlates with loss of electrical cou- 
phng (13) and development of arrhythmias. Calcium overload causes irreversible 
cardiomyocyte injury during ischemia and this would result in closure as well as 
loss of GJ (13). ATP depletion (rapidly occuring in ischemia, and associated with 
Cx43 dephosphorylation) decreases GJ conductance (29). In these studies, inhibi- 
tion of PPl type phosphatases (that would prevent Cx43 dephosphorylation) pre- 
vented the loss in gap junctional communication, providing a link between Cx43 
dephosphorylation and decreased conductance. 

The reason for these apparent discrepancies is not yet known. Because Cx43 can 
be phosphorylated at multiple sites it may exist in multiple species, each presenting 
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a different level/ states of phosphorylation (Figure 5) . As we have shown (22) early 
ischemia is associated with conversion of Cx43 to less phosphorylated species, but 
not complete dephosphorylation; complete dephosphorylation is observed at later 
time points (30— 60 min ischemia; data not shown). It is likely that different phos- 
phorylation states of Cx43 have different properties; it is also likely that electrical 
conductance and metabolic coupling are regulated in a different manner (30). 

Our own recently published data (22) have suggested an association between pre- 
vention of Cx43 dephosphorylation by okadaic acid and improvement in cardiac 
structural integrity that becomes compromised during ischemia. Manipulations 
therefore that target the phosphorylation state of Cx43, by affecting the phos- 
phatase(s) and kinase(s) involved deserve further consideration as potential cardio- 
protective treatments. 
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Summary. Temperature dependence of ischemic preconditioning was evaluated in the glob- 
ally ischemic model of Langendorff perfused rat heart. The results of these studies indicate 
that hyperthermic (42°) preconditioning offered optimal preservation of myocardial and coro- 
nary vascular functions during prolonged periods of ischemia. The cardioprotection was sig- 
nificantly better than at nor mo thermic or hypothermic preconditioning temperatures. The 
exact mechanism(s) of this protection is not clear, but the results of this study do indicate a 
role of HSP70, particularly the nuclear translocation of this protein during hyperthermic 
preconditioning. 

Key words: hyperthermic ischemic preconditioning, cardiac contractile function, heat shock 
proteins, coronary vascular dynamics, cardioprotection. 

INTRODUCTION 

The cardioprotective role of ischemic preconditioning (PC) to prolonged periods 
of regional or global myocardial ischemia is well estabHshed (1). Brief periods of 
myocardial ischemia-reperfusion before a prolonged ischemic insult offer a signifi- 
cant protection to myocardial structural and functional integrity. Beneficial effects 
of PC have been extrapolated to the cUnical settings and the additive protective role 
of PC combined with cardioplegic interventions has been evaluated during open- 
heart surgery procedures (2,3). 
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Several studies have been carried out to identify the cardioprotective mechanism 
of PC (4, 5, 6, 7). Some of the studies have reported that cardioprotection by PC is 
mediated through the induction of heat-shock and other stress-induced proteins 
particularly during the delayed phase of cardioprotection (8). The studies reported 
in the literature have applied PC at normothermic temperature. 

Recent studies confirm the expression of heat stress related antioxidative genes 
and proteins in the heart following exposure to hyperthermia. The ischemic toler- 
ance of the isolated perfused hearts harvested several hours after whole body hyper- 
thermia, was found to be significantly improved and this improvement was linked 
to the expression of various heat shock proteins (9). Synthesis of stress-induced heat 
shock proteins has also been demonstrated in isolated perfused non-preconditioned 
hearts subjected to ischemia at different elevated temperatures. The degree of expres- 
sion of HSP71 was found to be dependent on the ischemic temperature (10). We 
describe here the temperature dependent cardioprotective effects of ischemic pre- 
conditioning on the post-ischemic recovery of myocardial and coronary vascular 
functions as related to the expression of HSP 70. 

EFFECT OF PRECONDITIONING TEMPERATURE 
ON POST-ISCHEMIC MYOCARDIAL FUNCTION 

The temperature-dependent effects of preconditioning were studied in isolated rat 
hearts perfused with standard Krebs-Henseleit buffer by the Langendorff technique. 
Pressure-controlled perfusion was conducted for all the experimental protocols. 
Control perfusion temperature was kept constant at 34°C and the preconditioning 
temperature varied from 10°C (hypothermic) to 34°C (control), 37°C (normother- 
mic) and 42° C (hyperthermic). The hearts were subjected to 2 episodes of ischemic 
preconditioning at the desired temperature, each episode followed by 10 min. of 
reperfusion at 34°C. Thereafter all the heart were subjected to sustained global 
ischemia for 60 min. at 34°C followed by reperfusion for 30 min. at 34°C. Under 
control conditions left ventricular end-diastolic pressure (LVEDP) was kept constant 
at 5 mm Hg. Left ventricular maximum developed pressure (Pmax), coronary flow 
(CF) and coronary vascular resistance (CVR) were monitored under control and 
experimental conditions by an online monitoring and haemodynamic data acquisi- 
tion system (Hugo-Sachs Electronik, Germany). Myocardial temperature was con- 
tinuously monitored by a needle thermistor probe inserted into the intraventricular 
system. ( Thermalert. TH-5 Physitemp, USA). 

The effect of different preconditioning temperatures on the post-ischemic recov- 
ery in the left ventricular (LV) global contractility is shown in Table 1 . Post-ischemic 
recovery of Pmax was significantly reduced after unprotected ischemia-reperfusion 
accompanied by a 7-fold increase in LVEDP. Hypothermic preconditioning at 10°C 
failed to significantly improve the post-ischemic recovery in LV contractility when 
compared with unprotected ischemia-reperfusion. However, preconditioning at the 
control temperature of 34°C, at the normothermic temperature of 37°C and at the 
hyperthermic temperature of 42°C significantly improved the post-ischemic recov- 
ery in LV contractility. Optimum protection was achieved at the hyperthermic pre- 




Table 1. Effect of preconditioning temperature on the post-ischemic recovery of myocardial contractility and coronary vascular dynamics 
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Figure 1. Time-course of reperflision recovery in the left ventricular contractility after unprotected 
ischemia at 34°C and after hyperthermic (42°C) preconditioned ischemia. 

Normalized Pmax and LVEDP values (mean ± SEM) were compared during the 30 min reperfusion. 
ISCH, unprotected ischemia at 34°C, PC-42°C + ISCH, hyperthermic (42°C) preconditioned 
ischemia. 



conditioning temperature (Table 1). The time course of reperfusion recovery in 
Pmax and LVEDP after unprotected and protected (PC, 42°C) ischemia-reperfusion 
is shown in Figure 1. During the early reperflision period there was a considerable 
increase in the LVEDP accompanied by a large fall in Pmax after unprotected global 
ischemia-reperfusion indicating an early reperflision-induced LV contracture. With 
continuing reperfusion some recovery in Pmax accompanied by some improvement 
in LVEDP were evident. Hyperthermic preconditioning prevented the development 
of early ischemic contracture, significantly improved recovery in Pmax and was fol- 
lowed by a significant further reduction in LVEDP. 

Coronary vascular dynamics also showed significant improvement with hyper- 
thermic preconditioning. Post-ischemic recovery in coronary flow was 44% after 
unprotected ischemia-reperfusion as compared to 64% after hyperthermic precon- 
ditioning at 42°C (Table 1). Coronary flow changes were accompanied by a sig- 
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Figure 2. Time-course of reperfusion recovery in the left ventricular coronary flow as influenced by 
the recovery of coronary vascular resistance after unprotected ischemia at 34°C and after hyperthermic 
(42°C) preconditioned ischemia. 

Normalized CF and CVR values (mean ± SEM) were compared during the 30 min reperfusion. 

ISCH, unprotected ischemia at 34°C; PC-42°C + ISCH, hyperthermic (42°C) preconditioned 
ischemia. 

nificant increase in coronary vascular resistance. Coronary vascular resistance 
increased more than 2-fold after unprotected ischemia-reperfusion. However, with 
hyperthermic preconditioning this doubling in coronary vascular resistance was cur- 
tailed to around 1.75 fold the control value (Table 1). 

The time-course of reperfusion recovery in coronary flow and the recovery in 
coronary vascular resistance after unprotected and protected (PC, 42°C) ischemia- 
reperfusion are shown in Figure 2. During the early reperfusion period there was 
a significant dissociation in the recovery of coronary vascular resistance and coro- 
nary flow. Coronary vascular resistance considerably increased immediately after 
reperfusion accompanied by a significant depression in coronary flow. However, after 
hyperthermic preconditioning (42°C), the early increase in coronary vascular resis- 
tance was attenuated with improved recovery in coronary flow and a further 
decrease in coronary vascular resistance (Figure 2). 
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In summary hyperthermic preconditioning (42°C) produced optimal preservation 
resulting in 25% increase in the myocardial contractile tolerance and 16% increase 
in the coronary vascular tolerance to ischemia. 

The cellular mechanisms of heat-stress mediated cardioprotection are still not fully 
understood. Recent studies however, indicate the expression of heat stress related 
and antioxidative genes and proteins in the heart following exposure to whole body 
hyperthermia (9). A direct correlation between the amount of heat shock protein 
and the degree of myocardial protection following whole body hyperthermia has 
also been demonstrated by (11). 

CARDIOPROTECTIVE ROLE OF HEAT SHOCK PROTEINS 

In order to elucidate the mechanism of enhanced cardioprotection by hyperthermic 
preconditioning, the induction of heat shock proteins was studied in the 
hyperthermic (42°C) preconditioned ischemia-reperflised hearts. The hearts were 
freeze-clamped at the end of the 30 min. reperfiision period. 

Specific antibodies against HSC70 and HSP70 (Stressgen) were used in Western 
blots of left ventricular homogenates and nuclear fractions derived from the freeze- 
clamped hearts. The primary antibodies were detected using HRP conjugated 
goat-anti-rabbit IGg, followed by chemiluminescent ECL detection, autoradigraphy 
and densitometry. Ischemic (60 min, 34°C) reperfused (30 min, 34°C) rat heart (n = 
3); preconditioned (2 cycles of 5 min ischemic episodes at 42°C, separated by a 10 
min perfusion interval at 34°C) ischemic (60 min, 34°C) reperfused (30 min, 34°C) 
rat hearts (n = 3); control perfused rat hearts (34°C, n = 3) and intact freeze-clamped 
rat hearts (n = 3) were used. The results are shown in Figures 3, 4. Expression of 
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Figure 3. Expression of HSP70 in left ventricular homogenates of freeze-clamped fresh (FH), control 
perfused (C), ischemia-reperflised (IR) and hyperthermic preconditioned ischemia-reperfused (PC) 
hearts. Data from 12 hearts (3 per group) are shown. For each, 20 micrograms protein were loaded in 
each lane of the gel. The relative densities of the ECL imune-detected bands to that of a protein 
standard are given (underlined numbers). The average relative density for each group is shown below 
the lines. Note the significantly higher expression of HSP70 in C compared to F (P < 0.03) and to 
PC (P < 0.01) hearts. 
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Figure 4. Expression of HSP70 in nuclear fractions isolated from the left ventricles of freeze-clamped 
fresh hearts (FH), control hearts perfused at 34C (34C), ischemia reperfused hearts (IR) and hyper- 
thermic-preconditioned ischemia-reperfused hearts (PC). Data from 6 hearts, (2 per group) are sho'wn. 
For each, 20 micrograms of nuclear proteins were loaded in each lane of the gel. The relative densi- 
ties (RD) of the ECL-immuno-detected bands to that of a protein standard is given (underUned 
numbers) for each lane. For each group, the average relative density of 4 experiments similar to the 
two illustrated is given below the line. Note the significantly lower nuclear expression of HSP70 in 
intact fresh hearts (FH) than in control perfused (34C) or ischemia reperfused (IR) hearts, and the 
significantly higher nuclear expression of HSP70 in preconditioned (PC) than in IR, 34C or FH 
hearts. 



HSC (not shown) was higher (P < 0.05) in left ventricle homogenates of control 
perfused hearts (0.64 ± 0.05) compared to that in ischemia-reperfused hearts (0.47 
± 0.02) or preconditioned (0.23 ± 0.03) hearts. Expression of HSP in left ventricular 
homogenates (Figure 3) was higher in control perfused hearts (0.35 ± 0.03) than in 
ischemic-reperfused (0.29 ± 0.03 P < 0.03), preconditioned (0.23 ± 0.02 P < 0.03) 
or intact (0.13 ± 0.01 P < 0.01) hearts. By contrast nuclear expression of HSP was 
significantly higher in preconditioned hearts (0.26 ± 0.03) compared to that in 
ischemia-reperfused (0.17 ± 0.01 P < 0.01), control perfused (0.18 ± 0.01) and intact 
(0.06 ± 0.01) hearts. From these results it may be speculated that nuclear translo- 
cation of HSP participates in the protective effects of hyperthermic preconditioned 
ischemia-reperfused rat hearts. These results are complimentary to earlier reports 
which indicate an improvement in the ischemic tolerance of isolated perfused hearts 
harvested after several hours of whole body hyperthermia. The fundamental 
improvement was linked to increased expression of various heat-shock proteins (12). 
Increased synthesis of heat shock proteins has been demonstrated in isolated per- 
fused hearts subjected to ischemia (non-preconditioned) at increased temperatures 
(10). This study documents a specific increase in the nuclear but not in total expres- 
sion of heat shock proteins in the hyperthermic preconditioned hearts. 

Ischemic preconditioning, particularly at hyperthermic temperatures provided a 
significant protection to the coronary vasculature. Although the mechanism of this 
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protection is not clear from the results of this study, recent reports indicate 
the induction of heat shock proteins in coronary endothelial cells by ischemic 
preconditioning (13). 

In summary, hyperthermic preconditioning offered optimal preservation of 
myocardial and coronary vascular functions during prolonged periods of ischemia. 
The cardioprotection was significantly better than at normothermic or hypother- 
mic preconditioning temperatures. The exact mechanism(s) of this protection is not 
clear, but the results of this study do indicate a role of HSP70, particularly the 
nuclear translocation of this protein during hyperthermic preconditioning. 
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Summary. The present study is designed to investigate the mechanism of cardioprotective 
effect of remote aortic preconditioning. Four episodes, each episode comprising of 5 min 
aortic occlusion followed by reperfusion for 5 min were employed to produce remote 
preconditioning. Heart was isolated, perfused on Langendorff’s apparatus and subjected to 30 
min of sustained global ischaemia followed by reperfusion for 120 min. Coronary effluent was 
analysed for LDH and CK release to assess the degree of cardiac injury. Myocardial infarct 
size was estimated macroscopically using TTC staining. Remote aortic preconditioning 
reduced release of LDH and CK in coronary efiluent and decreased myocardial infarct size. 
Reserpine, a biogenic amine depletor, ruthenium red, a sarcoplasmic reticulum Ca^"^ channel 
blocker, ethylisopropylamiloride, (EIPA) a Na'^/H'^ exchange inhibitor and gadolinium, a 
mechanosensitive channel blocker, did not modulate the cardioprotective effect of remote 
aortic preconditioning. On the other hand, verapamil, a L type Ca^"^ channel blocker, and 
2',4'-dichlorobenzamil, a Na'^/Ca^'^ exchange inhibitor, attenuated the cardioprotective effect 
of remote aortic preconditioning. On the basis of these results, it may be suggested that the 
cardioprotective effect of remote aortic preconditioning may be mediated through opening 
of L-type Ca^"^ channels or activation of Na'^/ Ca^'^ exchange. 

Key words: Remote preconditioning. Ischaemia-reperfusion, Calcium channels, Na^/H"^ 
exchange, Na'^/Ca^'^ exchange. 
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INTRODUCTION 

The cardioprotective effect of ischaemic preconditioning has been initially demon- 
strated against sustained ischaemia and reperfiision induced myocardial necrosis (1). 
It has been documented that transient occlusion of circumflex artery has induced 
protection of the myocardium supplied by left anterior descending coronary artery 
(2). Moreover short occlusions of renal or mesenteric artery also precondition the 
myocardium against ischaemia and reperfusion injury (3-5). These studies suggest that 
it is possible to precondition the heart by giving ischaemic stress in remote regions 
and this phenomenon has been termed as “remote preconditioning”. The activation 
of angiotensin receptors are not noted to be involved in remote renal precondition- 
ing (6). Thus mechanism of the cardioprotective effect of remote preconditioning is 
far from clear. Therefore, the present study has been designed to investigate the role 
of (i) endogenous biogenic amines, (ii) gadolinium sensitive mechanosensitive chan- 
nels, (iii) L-type calcium channels, (iv) Na'^/H'^ exchange and (v) Na'^/Ca^'^ exchange 
in the cardioprotective effect of remote aortic preconditioning. 

MATERIALS AND METHODS 

Wistar rats (1 20-280 g) of either sex having free access to food and water were 
employed in the present study. 

Remote aortic preconditioning 

Rats were anaesthetized with thiopental sodium (40mgkg~^ i.p.). A 2 cm long inci- 
sion was given on left side of the abdomen. Abdominal aorta was isolated below 
the point of origin of renal artery and a silken suture was passed beneath it. The 
aorta was occluded by tying a shoe lace knot around it and knot was untied for 
reperfiision. Four episodes, each episode comprising of 5 min occlusion and 5 min 
reperfusion, were used to produce remote aortic preconditioning. 

Sustained global ischaemia and reperfusion in isolated perfused rat heart 

Heart was removed immediately after remote aortic preconditioning and mounted 
on Langendorff s apparatus. The heart was retrogradely perfused at a constant pres- 
sure of SOmmHg, with Krebs Henseleit (K-H) buffer (NaCl 118mM; KCl 4.7 mM; 
CaCl 2 2.5 mM; MgSO.JH.O 1.2mM; NaHC 03 25 mM; KH 2 PO 4 1.2mM; 
C 6 H 12 O 6 llmM), pH 7.4, maintained at 37°C bubbled with 95% O 2 and 5% CO 2 . 
Flow rate was maintained between 6-8 ml per min. The preparation was allowed to 
stabilize for 10 min. Global ischaemia was produced by blocking the inflow of K- 
H buffer for 30 min followed by reperfusion for 120 min. Coronary effluent was 
collected before sustained global ischaemia, immediately, 5 min and 30 min after 
reperfiision for estimation of LDH and CK. 

Enzymatic estimations 

LDH and CK were estimated spectrophotometrically by 2,4-DNPH method (7) 
and Hughes method (8), respectively. 
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LDH catalyses the following reaction: 

Lactate + NAD Pyruvate + NADH 

The pyruvate so formed couples with 2,4-dinitrophenylhydrazine (2,4-DNPH) to 
give corresponding hydrazone which gives brown colour in alkaline medium. The 
intensity of this colour is proportional to the amount of LDH activity and is mea- 
sured spectrophotometrically at 440 nm. 

CK catalyses the following reaction: 

Creatine Phosphate + ADP Creatine + ATP 

At pH 7.4, CK catalyses the forward reaction. The creatine so formed, reacts with 
diacetyl and oc-naphthol in alkaline medium to give pink colour. The intensity of 
this colour is proportional to the enzyme activity which is measured spectrophoto- 
metrically at 520 nm . 

Infarct size measurement 

Heart was removed from Langendorff s apparatus and washed with K-H 
solution. Left ventricle was excised and made free from right ventricle and both 
auricles. It was refrigerated overnight. Frozen ventricle was cut into transverse slices 
of about 3 mm thickness. These slices were stained by incubating for 20 min in 1% 
solution of triphenyltetrazolium chloride (TTC) in tris buffer pH 7.4 (9). TTC is 
converted to red formazone pigment by NADH and dehydrogenase enzyme, there- 
fore TTC stained the viable cells deep red (10). The infarcted cells have lost the 
enzyme and cofactor (10) and thus remained unstained. Percentage infarction was 
measured by volume and weight method (11). 

Experimental protocol 

Sixteen groups of animals were employed in the present study. 

Group 1 (Sham; n = 5): Rats were subjected to surgical procedure for isolation 
of aorta but aorta was not occluded. Hearts were excised 40 min after the isolation 
of aorta and isolated hearts were perfused on Langendorff s apparatus and was sub- 
jected to global ischaemia for 30 min followed by reperfusion for 120 min. 

Group II (Remote Aortic Preconditioning; n = 5): Rats were subjected to remote 
aortic preconditioning. Hearts were excised immediately after last episode of 
preconditioning, perfused on Langendorff s apparatus and were subjected to global 
ischaemia for 30 min followed by reperfusion for 120 min. 

Group III (Reserpine Treatment and Remote Aortic Preconditioning; n = 5): 
Reserpine (1 mg/kg, i.p.), a biogenic amine depletor, was administered 24 h before 
subjecting the rats to remote aortic preconditioning. Rest of protocol was same as 
described in Group II. 
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Group IV (Verapamil Treatment and Remote Aortic Preconditioning; n = 5): 
Verapamil (25 mg/kg, i.p.), a L-type Ca~'^ channel blocker, was administered 30 min 
before subjecting the rats to remote aortic preconditioning and rest of protocol was 
same as described in Group II. 

Group V (Ruthenium Red Treatment and Remote Aortic Preconditioning; 
n = 5): Ruthenium red (165|ig/kg i.v.), ryanodine sensitive sarcoplasmic reticulum 
Ca^"^ channels blocker, was administered 5 min before subjecting the rats to remote 
aortic preconditioning and rest of protocol was same as described in Group II. 

Group VI (2',4'-dichlorobenzamil Treatment and Remote Aortic Precondition- 
ing; n = 5): 2^4'-dichlorobenzamil (225pg/kg, i.v.), Na'^/Ca"'^ exchange inhibitor, 
was administered 5 min before subjecting the rats to remote aortic preconditioning 
and rest of protocol was same as described in Group II. 

Group VII (Ethylisopropylamiloride i.e. EIPA Treatment and Remote Aortic 
Preconditioning; n = 5): EIPA (12|ig/kg, i.v.), Na^/H^ exchange inhibitor, was 
administered 5 min before subjecting the rats to remote aortic preconditioning and 
rest of protocol was same as described in Group II. 

Group VIII (Gadolinium Treatment and Remote Aortic Preconditioning; n = 5): 
Gadolinium (0.5 mg/kg, i.p.), a mechanosensitive stretch channel blocker, was 
administered 30 min before subjecting the rats to remote aortic preconditioning and 
rest of protocol was same as described in Group II. 

In separate groups (group IX-XVI), same dose levels of the above mentioned 
pharmacological interventions were also administered to rats without subjecting 
them to remote aortic preconditioning in order to study their per se effect. 

Statistical analysis 

Values were expressed as mean ± SEM. One way ANOVA was employed to 
calculate the statistical significance. Studentised range test and Dunnett’s test 
were used as post-hoc tests for multiple comparisons between groups and com- 
parison with control group, respectively, p < 0.05 was considered to be statistically 
significant. 

RESULTS 

Eflfect of remote aortic preconditioning (RAPC) and pharmacological interven- 
tions on LDH and CK release 

Sustained ischaemia followed by reperflision produced a marked increase in release 
of LDH in coronary effluent (Figure 1 and 2). Remote aortic preconditioning 
(ILAPC) markedly attenuated ischaemia and reperflision-induced increase in release 
of LDH and CK (Figure 1 and 2). The administration of reserpine (1 mg/kg, i.p.), 
verapamil (25 mg/kg, i.p.), ruthenium red (165|i.g/kg, i.v.), gadolinium (0.5 mg/kg, 
i.p.) and 2',4'-dichlorobenzamil (225|ig/kg, i.v.) per se produced no marked effect 
on ischaemia and reperfusion-induced increase in release of LDH and CK in coro- 
nary effluent. However, EIPA (12pg/kg, i.v.) per se attenuated ischaemia and reper- 
fusion-induced increase in release of LDH and CK. Moreover, administration of 
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Figure 1. Effect of remote aortic preconditioning (B^PC) and pharmacological interventions on 
LDH release. 

Isolated perfused rat heart subjected to global ischaemia for 30 min and 120 min of reperfusion. LDH 
was estimated in coronary effluent after stabilisation (basal), immediately (Imm) and after 30 min of 
reperfusion. Values are mean ± S.E.M. for five animals, a = p < 0.05 Vs Basal value; b = p < 0.05 Vs 
Sham; c = p < 0.05 Vs RAPC. 



verapamil and 2', 4' dichlorobenzamil attenuated RAPC induced decrease in release 
of LDH and CK (Figure 1 and 2). However, administration of reserpine, ruthenium 
red, EIPA and gadolinium did not modulate the effect of PJ\.PC on release of LDH 
and CK (Figure 1 and 2). 

Eflfect of remote aortic preconditioning (RAPC) and pharmacological interven- 
tions on myocardial infarct size 

Remote aortic preconditioning (RAPC) significantly reduced myocardial infarct 
size measured by volume and weight method (Figure 3). The administration of 
reserpine (1 mg/kg, i.p.), verapamil (25 mg/kg, i.p.), ruthenium red (165|Lig/kg, i.v), 
gadolinium (0.5 mg/kg, i.p.) and 2',4'-dichlorobenzamil (225|Lig/kg, i.v.) per se 
produced no notable effect on infarct size whereas EIPA (12|ig/kg, i.v.) treatment 
markedly reduced myocardial infarct size. Administration of Verapamil and 2',4'- 
dichlorobenzamil attenuated Pj\PC induced decrease in infarct size (Figure 3). No 
such attenuation of cardioprotective effect of P^PC was noted with reserpine, 
ruthenium red, EIPA and gadolinium (Figure 3). 
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Figure 2. Effect of remote aortic preconditioning (P^PC) and pharmacological interventions on CK 
release. 

Isolated perfused rat heart subjected to global ischaemia for 30 min and 120 min of reperfusion. CK 
'was estimated in coronary effluent after stabUisation (basal) and after 5 min of reperfusion. Values are 
mean ± S.E.M. for five animals, a = p < 0.05 Vs Basal value; b = p < 0.05 Vs Sham; c = p < 0.05 Vs 
RAPC. 



DISCUSSION 

It is noted in our laboratory that peak release of LDH occurs either immediately 
or 30 min after reperfusion and peak CK release is observed to occur after 5 min of 
reperfusion (12,13). Therefore, samples of coronary effluent were collected at these 
time intervals, in the present study, to estimate the release of LDH and CK. 

The cardioprotective effect of norepinephrine preconditioning (13) and attenua- 
tion of ischaemic preconditioning induced cardioprotection with a-adrenoceptor 
blockers and reserpine (14—16) suggest that release of endogenous biogenic amines 
may be involved in observed cardioprotective effect of ILAPC. However, this con- 
tention is not supported by the present results because depletion of biogenic amines 
with reserpine has not prevented the noted cardioprotective effect of PJVPC. 

Increase in cytosolic Ca^"^ is reported to trigger preconditioning like cardiopro- 
tection against Ca“"^ paradox-induced cardiac injury (17). Stretch is reported to acti- 
vate L- type Ca^^ channels and consequently increase the Ca^^ influx (18). Therefore, 
it is probable that the aortic occlusion during PJ\.PC may open L-type Ca^'^ chan- 
nels of the myocardium as a result of occlusion induced-overload or stretch. This 
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Figure 3. Effect of remote aortic preconditioning (Rj\PC) and pharmacological interventions on 
myocardial infarct size. 

Myocardial infarct size was estimated by volume and weight method in isolated perfused rat heart 
subjected to global ischaemia for 30 min and 120 min of reperflision. Values are mean ± S.E.M. for 
five animals, a = p < 0.05 Vs Sham; b = p < 0.05 Vs RAPC. 



contention is supported by the results of the present study because verapamil, a L- 
type Ca^"^ channel blocker, has attenuated the cardioprotective effect of RJVPC. 
Moreover, stretch is reported to release Ca^"^ from sarcoplasmic reticulum (19). 
However, ruthenium red, a blocker of ryanodine sensitive sarcoplasmic reticulum 
Ca^"*" channels, has not modulated the noted cardioprotective effect of RAPC. This 
observation suggest that intracellular release of Ca^"^ from sarcoplasmic reticulum 
may not be involved in the cardioprotective effect of PJVPC. 

Mechanosensitive (MS) channels are a family of plasma membrane bound chan- 
nels that are gated by mechanical deformation (20) . MS channels have been demon- 
strated to be present in myocardial tissue (21). Therefore, opening MS channels 
in response to aortic occlusion-induced stretch may account for the cardioprotec- 
tive effect of remote aortic preconditioning. However, this contention is not 
supported by the results of the present study because gadolinium, a stretch sensitive 
MS channel blocker, did not attenuate the cardioprotective effect of remote aortic 
preconditioning. 

Activation of Na'^/H'^ exchange as a result of ischaemia-reperfusion may lead to 
intracellular Ca^"^ overload as a result of activation of Na'^/Ca^'^ exchange to handle 
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the increase in intracellular sodium (22,23). EIPA is known to inhibit NaVH"^ 
exchange in the myocardium (24,25). Therefore, the cardioprotective effect of per se 
treatment of EIPA against sustained ischaemia and reperfusion injury, observed in 
the present study, may be due to inhibition of Na'^/H'*^ exchange and consequent 
prevention of intracellular Ca^"^ overload. On the other hand, it is interesting to note 
that administration of EIPA before RAPC has not modulated the cardioprotective 
effect of PJVPC. It suggests that Na'^/H'^ exchange is neither activated nor it 
may be involved in the cardioprotective effect of PJVPC. Na'^/Ca^'^ exchange in 
myocardium is activated with ischaemia and reperfusion (26). 2',4'-dichlorobenza- 
mil is a Na^/Ca^"^ exchange inhibitor (27). Therefore, attenuation of cardio- 
protective effect of Rj\PC with administration of 2',4'-dichlorobenzamil implicate 
the activation of Na'^/Ca^'^ exchange in Pj\PC which may be responsible for its 
cardioprotective effect. 

On the basis of the above discussion, it may be concluded that the cardiopro- 
tective effect of remote aortic preconditioning may be mediated through opening 
of L-type Ca^"^ channels or activation of Na'^/Ca^'^ exchange. 
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Summary, The present study is designed to investigate the role of resident cardiac mast cells 
in ischaemia and reperflision-induced apoptotic and necrotic death of cardiomyocytes. Iso- 
lated perfused rat heart was subjected to 30 min of global ischaemia followed by reperfusion 
for 120 min. The extent of mast cell degranulation was determined by the release of mast 
cell peroxidase (MPO) in the coronary effluent. Release of LDH, CK in the coronary efflu- 
ent and estimation of infarct size are employed to assess the extent of myocardial injury. DNA 
fragmentation analysis using terminal deoxynucleotidyl transferese-mediated UTP nick end- 
labeling (TUNEL) and agarose gel electrophoresis are employed to estimate apoptotic death 
of cardiomyocytes. Disodium cromoglycate (DSCG, 100 |iM), theophylline (100 pM) and FR 
167653 (2.2 pM) treatment before global ischaemia and reperfusion are noted to reduce 
degranulation of resident cardiac mast cells, measured in terms of MPO release and has 
produced cardioprotective effect assessed as infarct size and release of LDH and CK. DSCG, 
theophylline and FR 167653 treatment has also markedly reduced the number of TUNEL 
positive cardiomyocytes and ventricular DNA smearing. These results tentatively suggest that 
DSCG, theophylline and FR 167653 inhibit degranulation of resident cardiac mast cells and 
consequently prevent ischaemia and reperfusion induced apoptosis and apoptosis induced 
necrosis in cardiomyocytes. 

Key words: Ischaemia-Reperflision, Cardioprotection, MPO, Cardiac Mast Cells, 
Degranulation. 
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INTRODUCTION 

Mast cells are reported to be present in the heart mainly in atria adjacent to small 
capillaries and venules (1). Degranulation of resident cardiac mast cells and conse- 
quent release of cytotoxic mediators from them have been tentatively implicated in 
ischaemia and reperflision-induced myocardial injury (2-8). Mast cell degranulation 
is noted to produce apoptotic death of cardiomyocytes (9). Mast cell stabilizers have 
been reported to prevent ischaemia and reperflision-induced myocardial injury 
(10-12). Proinflammatory cytokines such as TNFa and IL-lp are noted to depress 
human myocardium and they have been implicated in ischaemia and reperfusion- 
induced myocardial dysfunction (13-15). TNFa is released during ischaemic con- 
ditions by cardiomyocytes (16,17) coronary endothelial cells (18), macrophages (19) 
and mast cells (20). Thus the present study has been designed to investigate the role 
of resident cardiac mast cells and release of cytokines from them in ischaemia and 
reperfusion-induced apoptotic and necrotic death of cardiomyocytes. 

MATERIALS AND METHODS 

Wistar albino rats of either sex weighing 200-300 gm were used in the present 
study. The animal experiments were conducted in accordance with guidUnes of US 
National Institute of Health for Care and use of Laboratory animals. FR- 167653 
(Fujisawa Pharmaceutical Co. Ltd., Osaka, Japan), theophylline (German Remedies 
Ltd., Goa, India) and disodium cromoglycate (DSCG) (Rallis India Ltd., Bombay, 
India) were dissolved in normal saline, in minimum amount of O.IN HCl and in 
minimum amount of distilled water, respectively. The drug solutions were diluted 
with Krebs Henseleit (K-H) physiological solution. 

Isolated rat heart preparation 

Rats were heparinised (500 I.U, i.p.) and sacrificed by stunning. Hearts were rapidly 
excised and immediately mounted on Langendorff s apparatus (21). The heart was 
enclosed in a double walled jacket and the temperature of which was maintained 
at 37°C by circulating hot water. The preparation was perfused with K-H solution 
(NaCl 118mM; KCl 4.7 mM; CaCb 2.5 mM; MgS04.7H20 1.2mM; NaHC03 
25 mM; KH2PO4 1.2mM and C6H12O6 llmM) pH 7.4, maintained at 37°C and 
bubbled with 95% O2 and 5% CO2. The coronary flow rate was maintained 6—9 
ml/min and perfusion pressure was kept constant at 70mmHg. Global ischaemia 
was produced for 30 min by closing the inflow of physiological solution and it was 
followed by reperfusion for 120 min. Two thin silver electrodes fixed at the ven- 
tricular apex and origin of aorta were employed to record ECG (BPL, MK 801, 
Bangalore, India) for monitoring heart rate. 

Isolation of cardiomyocytes 

Cardiomyocytes were isolated using modified method of Tytgat (22). Hearts were 
perfused for 5 min with calcium free Tyrode solution containing 3mM EGTA. 
It was foDowed by 30 min perfusion with 50 ml calcium free Tyrode solution 
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containing 0.12U/ml coUagenase type III fraction A (Sigma- Aldrich, St Louis, 
USA), 0.1 2 mg/ml protease type XIV (Sigma- Aldrich, St Louis, USA), 1 mg/ml BSA 
(SISCO Research Lab. Pvt. Ltd., Bombay, India) and 0.515 g/50 ml MEM, Eagle 
(Hi Media, Bombay, India) in recirculating manner and heart was perfused for 
further 5 min with low calcium solution. The heart was removed from the 
Langendorff s apparatus. Auricles, root of aorta and right ventricle were removed 
and left ventricle was cut into three to four slices. These were placed in low calcium 
solution containing 1 mg/ml BSA and 0.01 gm/ml MEM, Eagle maintained at 37°C, 
pH 7.4 and continuously bubbled with 95% O2 and 5% CO2. The tissue slices were 
incubated till cell suspension was achieved by gentle agitation. The cell suspension 
was filtered through 250 pm nylon mesh to eliminate large superfluous cellular mate- 
rial and was centrifuged (1200rpm) for 5 min. The obtained cell pellet was washed 
with 10 ml ofTyrode solution containing BSA and MEM at 37°C and recentrifuged 
at the same speed. The cellular viability was examined using 0.4% trypan blue in 
0.9% NaCl using improved Naubauer hemocytometer. 

Assessment of myocardial injury 

To determine the extent of myocardial injury, release of lactate dehydrogenase 
(LDH) and creatine kinase (CK) were measured in coronary effluent using 2,4- 
DNPH method (23) and Hughes method (24), respectively. Values were expressed 
as International Units (lU) per litre of coronary efiluent. 

Myocardial infarct size 

Heart was removed from the Langendorfi's apparatus and auricles, root of aorta and 
right ventricle were removed. Left ventricle was kept overnight at 4°C and was cut 
into uniform slices of about 2-3 mm thickness. The slices were incubated in 1% 
triphenyl tetrazolium chloride (TTC) at 37°C in 0.2 M Tris buffer (pH 7.4) for 
20 min (25,26). The viable myocardium was stained brick red while the infarcted 
portion remained unstained. Infarct size was measured macroscopically by volume 
and weight method (27,28). 

Assessment of mast cell degranulation 

Mast cell peroxidase (MPO), a marker of mast cell degranulation was estimated 
quantitatively in coronary effluent using the method of Keller et al. (2). 2.0 ml of 
coronary effluent was mixed with 0.4 ml of O-dianisidine (0.8 mM), 0.4 ml of NaH2 
PO4 (50 mM) and 0.8 ml of distilled water. The reaction was initiated by adding 
0.4 ml of 0.0003% H2O2 at room temperature in dark. After 10 min, the reaction 
was stopped by adding 0.4 ml of 0.2% sodium azide. The absorbance was measured 
at 492 nm using spectrophotometer (Beckman DU 640B, Nyon, Switzerland). The 
results were expressed as lU/min. 

TUNEL staining 

Apoptotic cell death in isolated rat heart subjected to 30 min ischaemia followed 
by 120 min reperfusion was evaluated using terminal deoxy nucleotidyl transferase 
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mediated — UTP nick end labeling (TUNEL) method (29) using APO-DIRECT^^ 
Kit (Pharmingen, San Diego, CA, USA). TUNEL — positive cardiomyocytes were 
counted under fluorescent microscope and apoptotic index was calculated by the 
following formula. 

. . , , Number of TUNEL positive cell nuclei 

Apoptotic Index = — X 100 

Number of total cell nuclei 

DNA fragmentation analysis using agarose gel electrophoresis 

DNA was isolated from cardiomyocytes and DNA fragmentation was identified 
using method described by Maulik et al. (30). DNA samples were electrophoresed 
on 1.8% agarose gel with 0.5p.g/ml ethidium bromide in 0.5 xTBE buffer (89 mM 
Tris bufier; 89 mM boric acid and 2mM EDTA) for 1.50 hr at 50 V, 400 mA and 
3W in a submarine electrophoresis unit (Pharmacia Biotech, Freiburg, Germany). 

Experimental protocol 

The present study is comprised of five groups and each group consists of 10 exper- 
iments. Heart obtained from rat sacrified by stunning was perfused with K-H solu- 
tion and allowed to stabilize for 10 min. Cardiomyocytes DNA was extracted from 
left ventricle. Moreover, left ventricle was employed to perform TUNEL staining. 
A diagrammatic representation of experimental protocol is shown in Figure 1. 

Group I (Sham control group, n = 10) 

Isolated rat heart was perfused with K-H solution for 160 min after stabiHzation for 
lOmin. 

Group II (Control group, n = 10) 

After stabilization, isolated rat heart was perfused with K-H solution for 10 min and 
then subjected to 30 min global ischaemia followed by reperfusion for 120 min. 

Group III (TheophyUine treated group, n = 10) 

After stabilization, isolated rat heart was perfused with K-H solution containing 
theophyUine (lOOfiM) for 10 min and then subjected to 30 min global ischaemia 
followed by reperfusion for 120 min. 

Group IV (FR 167653 treated group, n = 10) 

After stabilization, isolated rat heart was perfused with K-H solution containing FR 
167653 (2.2 pM) for 10 min and then subjected to 30 min global ischaemia followed 
by reperflision for 120 min. 

Group V (DSCG treated group, n = 10) 

After stabilization, isolated rat heart was perfused with K-H solution containing 
DSCG (100 pM) for 10 min and then subjected to 30 min global ischaemia followed 
by reperfusion for 120 min. 
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Figure 1. Diagrammatic representation of experimental protocol. S-Stabilization; K-H-perfusion with 
K-H solution; I-global ischaemia; R-reperfusion with K-H solution; lO'-Theo — perfusion with K-H 
solution containing 100 |xM theophylline; 10' FR — perfusion with K-H solution containing 2.2 pM 
FR 167653; lO'DSCG — perfusion with K-H solution containing 100 pM disodium cromoglycate. 

Coronary effluent was collected immediately after stabilization, before global 
ischaemia and immediately, 5 min and 30 min after reperfusion. Apoptotic index, 
infarct size and analysis of DNA fragmentation using agarose gel electrophoresis was 
carried out at the end of 120 min reperfusion preceded by 30 min of ischaemia. 
ECG was recorded after stabilization, 5, 15 and 30 min of global ischaemia and 5, 
15, 30, 60 and 120 min of reperfusion in aU groups. 
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Statistical analysis 

Values for enzymatic data and infarct size were expressed as mean ± S.E.M. Statis- 
tical significance was calculated using one way analysis of variance. Studentized 
range test and Dunnetts test were used as post-hoc tests for multiple comparison 
between groups and comparison with control group, respectively, p < 0.05 was con- 
sidered to be statistically significant. 

RESULTS 

Global ischaemia followed by reperflision significantly reduced the heart rate (222 
± 14.5 to 84 ± 11.8) and coronary flow rate (7.93 ± 0.34 to 2.37 ± 0.5). Theo- 
phyUine (lOOpM), FR 167653 (2.2|iM) and DSCG (lOOpM) treatment produced 
no marked effect on heart rate and coronary flow rate. 

Effect of pharmacological interventions on ischaemia and 
reperfusion-induced LDH and CK release 

Global ischaemia for 30 min foUowed by reperflision for 120 min increased the 
release of LDH and CK noted immediately, 30 min and 5 min after reperflision, 
respectively. Theophylline (lOOpM), FR 167653 (2.2 |iM) and DSCG (lOOpM) 
treatment before global ischaemia markedly decreased the elevated release of LDH 
and CK in coronary effluent (Figure 2 and Figure 3). 




Basal Imm. Rep. 30* Rep. 

REPERFUSION 



Figure 2. Effect of 100 theophyUine (CZ2), 2.2 pM FR 167653 (S) and 100 pM DSCG (m) 
treatment on LDH release as compared to control (l I). LDH was estimated in coronary effluent 
after stabilization (basal), immediately after reperflision (Imm. Rep.) and 30 min after reperfusion (30' 
Rep.). Values are expressed as mean ± SEM. a = p < 0.05 vs basal value; b = p < 0.05 vs control. 
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Figure 3. Effect of 100 pM theophyUine (CZa), 2.2 pM FR 167653 (^) and 100 pM DSCG (M) 
on CK release as compared to control (l — l). CK was estimated in coronary effluent after stabilization 
(basal) and 5 min after reperfusion (5' Rep.). Values are expressed as mean ± SEM. a = p < 0.05 vs 
basal value; b = p < 0.05 vs control. 



Effect of pharmacological interventions on myocardial infarct size 

The extent of myocardial infarct size in control experiments as a result of global 
ischaemia for 30 min and reperfusion for 120 min was recorded as percentage in- 
farct size of left ventricle i.e. 35.81 ± 1.33 and 37.15 ± 1.37 calculated by volume 
and weight method, respectively (Figure 4). Theophylline (100 pM), FR 167653 (2.2 
pM) and DSCG (100 pM) treatment before global ischaemia significantly reduced 
the myocardial infarct size. 

Effect of pharmacological interventions on ischaemia 
and reperfusion-induced MPO release 

Global ischaemia for 30 min followed by reperfusion for 120 min produced marked 
increase in MPO release in coronary effluent recorded immediately after reperfu- 
sion. TheophyUine (lOOpM), FR 167653 (2.2pM) and DSCG (lOOpM) treatment 
before global ischaemia markedly attenuated the ischaemia, and reperfusion-induced 
increase in release of MPO (Figure 5). 

Effect of pharmacological interventions on apoptotic cell death 

Global ischaemia for 30 min foUowed by reperfusion for 120 min produced signifi- 
cant increase in apoptotic index. TheophyUine (100 pM), FR 167653 (2.2 pM) and 
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Figure 4. Effect of lOOuM theophylhne (tZZ), 2.2 pM FR 167653 (S) and lOOpM DSCG (m) 
on myocardial infarct size as compared to control ( I- 1 ) measured by volume and weight method. 
Values are expressed as mean ± SEM. a = p < 0.05 vs control. 



DSCG (lOOjiM) treatment before global ischaemia significantly decreased the apop- 
totic index (Figure 6, 7 and 8). FR 167653 was more effective than theophylline 
and DSCG to reduce the number of TUNEL positive cardiomyocytes. 



Effect of pharmacological interventions on ventricular DNA smearing 

No ventricular cardiomyocyte DNA smearing was noted in sham control hearts. 
Global ischaemia for 30 min followed by reperfusion for 120 min produced marked 
ventricular cardiomyocyte DNA smearing. Theophylline (lOOpM), FR 167653 
(2.2 |xM) and DSCG (100 pM) treatment before global ischaemia markedly attenu- 
ated ischaemia and reperfusion-induced ventricular cardiomyocyte DNA smearing. 
FR 167653 was more effective than theophylline and DSCG to reduce ventricular 
DNA smearing (Figure 9). 

DISCUSSION 

Mast cells are reported to be present in the heart (31). MPO is identified histo- 
chemically to be present in the mast cells and release of this enzyme is correlated 
to degranulation of mast cells (2). The peak release of MPO occurs immediately 
after reperfusion (7) and within 3— 6 min of reoxygenation after ischaemia (2). There- 
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Figure 5. Effect of lOOpM theophyUine (CZZ), 2.2pM FR 167653 (^) and lOOpM DSCG (M) 
on MPO release as compared to control ( I I ) MPO was estimated in coronary effluent after stabi- 
lization (basal), immediately after reperfusion (Imm. Rep.). Values are expressed as mean ± SEM. a = p 
< 0.05 vs basal value; b = p < 0.05 vs control. 



fore, in the present study the observed increase in MPO release in coronary efflu- 
ent immediately after reperflision has demonstrated degranulation of mast cells in 
isolated rat heart preparation as a result of ischaemia followed by reperfusion. This 
contention is also supported by our earlier histological data (5). 

DSCG is reported to inhibit accummulation of intracellular calcium (32) and 
consequently stabilize mast cells (5). Therefore, DSCG may have attenuated the 
increased release of MPO as a result of ischaemia and reperflision employed in the 
present study by preventing the degranulation of resident cardiac mast cells. IL-lp 
and TNFa are reported to modulate mast cell secretory functions (33,34) and theo- 
phylline is noted to attenuate the release of IL-ip and TNFa and interferon gamma 
from mast cell (35). Resident cardiac mast cells are noted to be the main source of 
TNFa released during ischaemia and reperfusion (20). Moreover, theophylline is a 
nonselective phosphodiesterase inhibitor and consequently increases cAMP concen- 
tration (36). Increase in cAMP concentration is documented to decrease the release 
of mediators from mast cells (37). Therefore, it may be suggested that theophylline 
induced decrease in release of MPO immediately after reperflision observed in the 
present study may be due to its action on resident cardiac mast cells mediated 
through inhibition of phosphodiesterase or prevention of cytokine evoked degran- 
ulation of mast cells. Increase in expression of p38 MAPK is noted during ischaemia 
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Figure 6. Effect of lOOgM theophylline (CZ2), 2.2 |iM FR 167653 and l()0|iM DSCG (tntl) 

treatment on apoptotic index as compared to control (i i) and sham control (Hi). Values are 
expressed as mean ± SEM. a = p < 0.05 vs sham control value; b = p < 0.05 v’s control. 




Figure 7. TUNEL positive nuclei (indicated by arrow) seen under fluorescent microscope in a 
section of left ventricle obtained from isolated rat heart subjected to 30 mm of global ischaemia 
followed by reperfusion for 120 min. 
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Figure 8. TUNEL positive nuclei (indicated by arrow) seen under fluorescent microscope in a 
section of left ventricle obtained from isolated rat heart treated with FR 167653 (2.2 pM) before 
subjected to 30 min of global ischaemia followed by reperfusion for 120 min. 




Figure 9. Electrophoretic pattern of DNA extracted from rat cardiomyocytes. L-1, L-2, L-3, L-4 
and L-5 represent DNA extracted from sham control rat heart, DNA extracted from control 
isolated rat heart subjected to 30 min global ischaemia followed by reperfusion for 120 min, DNA 
extracted from theophylline (100 pM) treated isolated rat heart and subjected to global ischaemia 
for 30 min followed by reperfusion for 120 min, DNA extracted from FR 167653 (2.2 pM) treated 
isolated rat heart subjected to global ischaemia for 30 min followed by reperfusion for 120 min and 
DNA extracted from DSCG (100 pM) treated isolated rat heart subjected to global ischaemia for 
30 min followed by reperfusion for 120 min respectively. L represents Lane. 
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and reperfusion (38,39) and it regulates the release of mediators from human cul- 
tured mast cells (40). The release of monocyte chemoattractant protein- 1 (MCP-1) 
from bone marrow derived mast cells (BMMC) is inhibited by SB 202190, a p38 
MAPK inhibitor (41). FR 167653 is a potent inhibitor of p38 MAPK and its activ- 
ity is comparable to SB 203580 (42). Thus, the FR 167653 induced decrease in 
MPO release, observed in the present study may be due to its inhibitory effect on 
p38 MAPK and prevention of degranulation of resident cardiac mast cells. There- 
fore, it may be tentatively concluded that DSCG, theophylline and FR 167653, 
perhaps by different mechanisms of action, may have prevented the degranulation 
of resident cardiac mast cells. 

DSCG, theophylline and FR 167653 have prevented ischaemia and reperflision- 
induced myocardial injury measured in terms of infarct size, LDH and CK release. 
It suggests that the cardioprotective effect of DSCG, theophylline and FR 167653 
in study at hand may be mediated through prevention of degranulation of resident 
cardiac mast cells. 

Theophylline is reported to cause apoptosis in eosinophils by decreasing the 
expression of bcl-2 protein (43), which is antiapoptoric in nature. This observation 
is not supported by the results of the present study because theophylline contrary 
to the above report has reduced the apoptotic index and ventricular DNA smear- 
ing. It is interesting to note that aU the three pharmacological interventions 
employed in the present study have markedly reduced ischaemia and reperfiision- 
induced increase in apoptotic index and ventricular DNA smearing. Apoptotic index 
is a marker of apoptotic process initiated in cells (44,45). Apoptosis is an active gene 
directed process of cell death (46), characterized by fragmentation of chromosomal 
DNA (47). Myocardium subjected to ischaemia and reperfusion do not demostrate 
clear cut or pure DNA laddering and appear to represent mixtures of DNA smear- 
ing (48). Ischaemia without any subsequent reperfusion has not produced any DNA 
smearing but it has produced significant infarct or necrotic cell death (49). Apop- 
tosis and necrosis are reported to coexist in acute ischaemia and reperfusion 
(48,50-53). Therefore, it is probable to suggest that DSCG, theophylline, and FR- 
167653 may have prevented degranulation of resident cardiac mast cells and conse- 
quent release of cytotoxic mediators from mast cells to produce apoptosis and 
apoptosis induced necrosis in cardiomyocytes. 
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Summary, The high incidence of morbidity and mortality associated with acute myocardial 
ischemia (AMI) has stimulated substantial research to salvage the dying myocardium. Early 
restoration of flow to the ischemic myocardium by different interventions has significantly 
reduced the mortality associated with the acute coronary syndrome but could not improve 
the morbidity. Accordingly, the possibility of reperfusion injury, and not ischemic injury, as 
the cause of post ischemic myocardial dysfunction is being considered seriously. Ventricular 
arrhythmias, myocardial stunning and cell death are the prominent sequels to post ischemic 
reperfusion. Although thrombolytic and other therapies like percutaneous transluminal angio- 
plasty and coronary artery bypass grafting have significantly increased the rate of survival of 
AMI patients, these procedures have also spurred interest in the phenomena of ischemia reper- 
fusion injury. In view of the immense clinical consequences of ischemia reperfusion in 
humans, a large number of animal studies have been carried out to understand the patho- 
physiology and therapy. This article elaborates different mechanisms which have been sug- 
gested to cause ischemia reperfusion injury as weU as therapeutic modalities that have shown 
promise in reducing the associated cardiac abnormalities. 

Key words: Ischemia-reperfusion, oxidative stress, calcium overload, ischemic precondition- 
ing, cardioprotection. 

INTRODUCTION 

AJthough restoration of flow is essential for the salvage of the ischemic myocardium, 
reperfusion has been shown to depress cardiac function that recovers gradually over 
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a period of time (1). This phenomenon of post ischemic mechanical cardiac dys- 
function upon restoration of flow has been coined as myocardial stunning (2) and 
is considered to be a complex syndrome rather than a single entity. The post 
ischemic dysfunction upon reperfusion was first demonstrated by Tennant and 
Wiggers (3) and then by Jennings et al. (4). Myocardial stunning can be defined as 
the cardiac abnormality that persists in a previously ischemic myocardium on reper- 
flision despite the restoration of normal or near normal blood flow and when no 
irreversible damage has been done to the myocardium (5). It is noteworthy that 
myocardial stunning is clearly differentiated from myocardial hibernation which is 
reflected by a persistent contractile dysfunction in a viable myocardial tissue with 
reduced coronary flow. Furthermore, hibernation is an adaptive condition of 
the myocardium as has been shown by Diamond et al. (6) and popularized by 
Rahimtoola (7). Nevertheless, both, myocardial hibernation and stunning share a 
common denominator of being reversible in nature. In fact both, hibernation and 
stunning are milder forms of myocardial infarction and it remains to be seen if they 
share any common mechanisms with infarction. 

It should be pointed out that ventricular arrhythmias, due to ischemia reperfu- 
sion, occur within seconds of the reflow and are seen in all the species studied. 
They vary from ventricular premature beats to severe ventricular fibrillation and 
many mechanisms have been proposed to explain their origin. The oxidant stress as 
a consequence of excess production of free radicals causes damage to the lipid mem- 
branes and alters the membrane permeability to different substances especially 
cations. Some studies have indicated that mechanisms responsible for free radical 
production increase the susceptibility of heart to arrhythmias (8) but this would vary 
from one animal model to the other depending upon many different factors such 
as host defense (9). Stimulation of the adrenergic receptors and increase in the cyclic 
adenosine monophosphate (cAMP) levels as well as abnormalities in cationic home- 
ostasis are some of the other causes of ischemia reperfusion induced arrhythmias 
forwarded. 

Different experimental models have been used to study ischemia reperfusion 
injury under in vivo and in vitro conditions. Such studies are designed to elabo- 
rate the mechanism of action of different factors involved in the disease pathology 
and are considered to closely mimic the disease in humans. Though many findings 
can be reproduced in different animal models, variation in the results within these 
studies exists and thus it is not prudent to extrapolate these results to humans. 
Unlike animal models, the study of reperfusion injury in humans has some inher- 
ent problems that include assessment of regional function, formation of collaterals, 
duration and severity of ischemia, and absence of baseline values in most cases. It 
is difficult to assess the degree of restoration of flow to an ischemic area as well as 
to differentiate between silent ischemia, stunning and hibernation. Since different 
parameters like preload, afterload, heart rate change as myocardial stunning in man 
evolves; the status of cardiac function cannot be assessed at different time points (5). 
Most animal studies involve abrupt reperfusion, whereas it does not seem to be the 
case in humans. Nonetheless, the results of ischemia reperfusion (IR) injury in 
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animal models are reliable mainly because the coronary artery is completely 
occluded, the time frame of ischemia can be established, collateral formation can be 
ascertained using angiographic methods and most importantly, baseline values can 
be obtained for comparison between pre and post ischemic parameters. 

(I) PATHOPHYSIOLOGY OF MOCARDIAL ISCHEMIA REPERFUSION INJURY 
(a) Oxidative stress 

Two decades of research aimed at solving the problems associated with IR injury 
has resulted in the emergence of the oxyradical and calcium hypotheses as two sig- 
nificant pathogenic mechanisms that explain most (if not all) of the cardiac abnor- 
malities seen in IR injury. Exhaustive research in this area is making it obvious that 
the two are not mutually exclusive. Zweier et al. (10) and BoUi et al. (11) have 
separately shown the production of reactive oxygen species (ROS) during IR and 
its association with contractile dysfunction. It has been shown that IR injury can 
be attenuated by administering mercaptopropionyl glycine (MPG) a minute before 
reperfusion, indicating that the ROS are produced during the first minute of reper- 
fusion and peak between four to ten minutes (11); this finding was later confirmed 
directly by using the spin trap method (12). Under physiological conditions differ- 
ent scavenging mechanisms effectively clear the free radicals but under conditions 
of stress, the free radical production far outweighs the scavenging capabilities of the 
cardiomyocyte. ROS have been shown to attack the cellular membranes and con- 
tractile proteins, which could explain in part the contractile dysfunction seen with 
IR. Several sources for the generation of ROS due to IR include: 

(1) Mitochondria 

Mitochondria are the main source of these free radicals that are constantly being 
produced even under normal physiologic conditions (13). Mitochondria produce 
majority (80-90%) of the high-energy phosphates (adenosine triphosphate; ATP) 
in mammalian tissues by the process of oxidative phosphorylation involving the 
respiratory chain. The mitochondrial respiratory chain (or the electron transport 
chain) consists of enzymes and coenzymes that convey high-energy electrons 
from the reduced nicotinamide adenine dinucleotide (NADH"^) — reduced flavin 
adenine dinucleotide (FADH"^) pathway to molecular oxygen. Cytochrome oxidase 
reduces molecular oxygen (in complex IV) to form water thus coupling ATP pro- 
duction with the generation of water. The high-energy of electrons is converted to 
ATP and about 98 % of the electrons are tightly coupled to the ATP production 
while 1-2% results in the superoxide anion (02~) formation (14). Some investiga- 
tors have indicated this to happen at the level of the NADH-ubiquinone-complex 
or complex I and at complex II (14), while others have indicated this to happen 
mainly at complex III (15,16,17). But these free radicals are neutralized by the 
natural defenses of the cell that include the mitochondrial (manganese), cytosolic 
(copper and zinc) superoxide dismutases (Mn SOD and CuZn SOD), glutathione 
peroxidase (GSH-PO) and phospholipid hydroperoxide glutathione peroxidase 
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(13,18). Various SOD enzymes scavenge 02~ to form H2O2, which though not a 
free radical, acts as a second messenger and can regulate the activity of enzymes 
essential for calcium release, cell growth or apoptosis; these enzymes include phos- 
phohpase A2, C and D, Src Kinase, p38 mitogen activated protein kinases (MAPK) 
c-Jun kinase (JNK) and survival kinase (Akt/PKB) (19). H2O2 forms water and 
molecular oxygen under the enzymatic action of catalase and or glutathione 
peroxidases. It forms the highly reactive hydroxyl radical under conditions of stress 
via the Fenton (20) and or the Haber Weiss (21) pathways. 

(2) NAD(P)H oxidases 

The neutrophil NAD(P)H oxidases are commonly known as the phagocytic oxi- 
dases while those found in the vasculature or the cardiac cells are called the non- 
phagocytic types. Virtually every cell type in the vasculature has been shown to 
produce ROS that regulates key cellular events like cell growth, acting as a signal- 
ing molecule (22). In the vascular cells and cardiomyocytes, NAD(P)H oxidases are 
the major source of superoxide production in response to various stimuH like 
cytokines and growth factors and are believed to be essential for normal physio- 
logical responses like growth, migration and matrix remodeling. NAD(P)H oxidases 
in the cardiovascular system are poorly understood though it is believed that non- 
phagocytic cell oxidases are similar to the nuetrophilic NAD(P)H oxidases. The 
phagocytic NAD(P)H oxidase is a membrane bound electron transport chain that 
mediates the flow of electrons from the substrates to molecular oxygen forming 
superoxide. For NADH (23,24) and NAD(P)H (25), there is controversy regarding 
the preferred substrate for superoxide generation. Though similar, the non- 
phagocytic oxidases produce superoxide chronically and are always in an active state 
compared to the phagocytic oxidases that are activated by the association of cyto- 
solic agonists with cytochrome. The latter produce 10-100 times more superoxide 
than the former but in short bursts (19). The exact downstream effectors for the 
oxidase produced ROS are poorly understood but p38 MAPK, JNK and members 
of the stress activated kinase family have been postulated (23). 

(3) Superoxide and peroxynitrite 

It has been suggested that about 0.4—2% of all the oxygen consumed during oxida- 
tive phosphorylation is converted to ROS (14,26). Though small, this is enough 
to cause severe pathologies in the living organisms if not detoxified by the anti- 
oxidant mechanisms. Melov et al. (27,28) have showed that transgenic mice defi- 
cient in mitochondrial SOD have a maximum life span of 8 days only. Apart from 
the mitochondrial electron transport chain complexes, 02~ can be formed by the 
phagocytic and nonphagocytic NAD(P)H oxidases (23,24,25), xanthine oxidase 
(XO) (29), cyclooxygenase (COX), lipooxygenase (LOX) and cytochrome P450 
mono-oxygenase; these enzymatic reactions occur in cardiac myocytes, fibroblasts 
and endothehal cells during normoxia, anoxia and upon reoxygenation (30) . Cardiac 
myocytes and fibroblasts differ in their response to superoxide anion. Fibroblasts are 
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more resilient and proliferate secreting the transforming growth factor (TGF-P) (an 
important stimulus for fibrosis) as compared to the apoptosis and the activation of 
various kinases seen in cardiac myocytes (31). In an attempt to unify the oxyradi- 
cal and calcium overload hypotheses, many authors have implicated O 2 " in damage 
to the sarcoplasmic reticulum (SR) by modifying the uptake and release of Ca^^ 
causing cytosolic Ca^"^ overload (32,33). To this end, it was shown that ROS from 
the xanthine-XO system depressed the SR Ca^“^ uptake in homogenates and iso- 
lated SR vesicles, respectively (34,35). This would imply an abnormal regulation of 
Ca^"^ by SR Ca^"^ ATPase (SERCA) or the SR ryanodine sensitive Ca^"^ release 
channel (RyR). Okabe et al. (36,37) have reported that ROS depress the SR Ca^"^ 
uptake and enhances the release from the Ca^"^ release channel. More recently, they 
have shown that 02 ~ modulates the gating characteristics of the SR Ca^"^ release 
channel or RyR, and this is brought about by a degradation of calmodulin (the 
calcium binding protein) by the 02 ~. This modulation of the RyR causes enhanced 
release and subsequent accumulation of Ca^"^ in the cytosol (38). Recent work from 
our laboratory has shown preservation of SR function and gene expression for SR 
Ca^"^ pump (SERCA2a) and ryanodine sensitive Ca^"^ release channel (RyR) (39) 
as well as SR protein phosphorylation (calciumXcalmodulin dependent kinase, 
CaMK, and exogenous cAMP dependent protein kinase, PKA) (40) by treatment 
of IR hearts with SOD and catalase indicating a role for ROS in causing SR 
dysfunction. 

Superoxide readily forms highly toxic peroxynitrite (ONOO~) via a biradical 
reaction with nitric oxide (NO) (41). Peroxynitrite is not a free radical itself as it 
shares two unpaired electrons on superoxide and nitric oxide that form a new bond 
(42,43). NO is produced by the same cell types that produce the superoxide anion 
under conditions of stress (vascular endothelium, nutrophils and myocytes). Perox- 
ynitrite has been suggested to have both cardiotoxic and cardioprotective effects. It 
induces cellular injury by causing lipid peroxidation (44), DNA fragmentation as 
seen in apoptosis (45), damage to proteins and lipids in the plasma (46), depletion 
of antioxidants like glutathione and cysteine as well as nitration of proteins causing 
organ dysfunction (47). Most of its effects are mediated by its intermediate 
ONOOH". It reacts with carbon dioxide (CO 2 ) to form CO 3 " and N 02 ~ to even- 
tually form the nitronium ion (NO 3 ") that facilitates protein nitration and alters 
organ function (48). Absence of CO 2 would explain the inability of peroxynitrite 
to cause profound damage under in vitro conditions. In IR, activated neutrophils 
and endothelium produce NO via the endothelial NO synthase (eNOS) and the 
inducible NOS (iNOS) (49). The release of NO coincides with the superoxide pro- 
duction during the early phase of reperfusion and thus facilitates peroxynitrite for- 
mation (50). Yasmin et al. (51) have shown that peroxynitrite formation peaks in 
the early seconds of reperfusion and this coincides with the formation of both NO 
and superoxide. Some of the other toxic effects of peroxynitrite include membrane 
sulfhydryl group oxidation of the red blood cells without hemolysis at concentra- 
tions of 0.1-2mM (52) while Kondo et al. (53) have shown hemolysis to occur at 
lower concentrations of 100-500 pM suggesting a possible dose dependent effect. 
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Peroxynitrite aids white blood cells to kill infectious and cancerous cells due to its 
cytocidal oxidant properties (54) and has also been shown to cause apoptosis in 
white cells themself (45,54). Thiols (glutathione) neutralize the effects of peroxy ni- 
trites and the protection is beHeved to be due to depression in the degradation of 
the myocardial enzyme aconitase, which is a part of the mitochondrial respiratory 
chain (55). 

(b) Calcium Hypothesis 

Disturbance in Ca^"^ homeostasis is postulated to cause contractile abnormalities 
due to IR injury. Three possible mechanisms that could explain these abnormah- 
ties due to disturbed Ca^"*^ regulation are: (1) decreased responsiveness of the myofil- 
aments to Ca^'*’, (2) Ca^'^overload, and (3) excitation contraction uncoupling due to 
SR dysfunction. Two of these plausible mechanisms of IR injury are discussed 
here. 

(1) Decreased responsiveness to 

Though the exact underlying pathology responsible for decreased responsiveness of 
the myofilaments to Ca^"^ is not known, evidence available indicates some structural 
abnormahties at the level of myofilaments that would alter their response to Ca^^ 
during excitation contraction. Previous studies from our laboratory have shown that 
ROS cause oxidation of the critical thiol groups in the myofilaments (56). Such 
structural modifications of the myofilaments could explain the decreased respon- 
siveness to Ca^"^ as well as the contractile abnormahties due to IR injury. ROS cause 
a reduction in the content of reduced glutathione and increase in oxidized glu- 
tathione (57). Taken together, changes in the content of these have been shown to 
decrease the Ca^"^ sensitivity of the myofilaments (58). It would be interesting to 
point out that this effect of ROS on the myofilaments may possibly provide for the 
integration of the calcium and oxyradical hypotheses. Another important factor that 
could alter not only the contractiUty of myofilaments but also their response to Ca^"^ 
during excitation contraction coupHng is their proteolytic degradation by the Ca^'^ 
activated neutral protease. 

(2) Calcium overload 

Oxygen deficiency during ischemia causes a shift in myocardial metaboHsm result- 
ing in decreased levels of ATP and accumulation of hydrogen ions and lactate. This 
acidosis causes activation of the sodium-hydrogen exchanger (NHX) resulting in 
sodium (Na'^ overload. Until reperfusion begins, Na"^ accumulates and the acidosis 
prevents the activity of the sodium-calcium exchanger (NCX). Reperfusion of the 
myocardium causes reversal of the acidosis and activates the NCX. This pushes Ca^"^ 
into the cardiomyocytes in exchange for Na'^ resulting in the Ca^"^ overload. This 
was a simple hypothesis forwarded by Grinwald (59) in 1982 and still holds good. 
Subsequent work by different investigators has shown that [Na'^], rises rapidly during 
ischemia and remains so for about 8-10 minutes after reperfusion whereas the aci- 
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dosis takes about 30 seconds to resolve. Grinwald (60) in a subsequent work showed 
that the functioning of sodium-potassium pump failed in IR, which could possibly 
explain the Ca^"^ overload seen on reperfusion. This could be due to the effect of 
ROS on the sarcolemmal Na'^-K'^ ATPase. Some studies have shown that cytosolic 
Ca^"^ concentration rises even during ischemia but none of the effects of calcium 
overload are seen during ischemia alone. Impaired myofilament responsiveness to 
Ca^"^ (62) and the proteolytic degradation of the various proteins (63) occur during 
reperfusion. Thus, reperfusion would seem essential for occurrence of Ca^"^ overload 
and the different cardiac abnormalities associated with IR injury. Some of the mech- 
anisms responsible for Ca^"^ overload are discussed below. 

(i) Sodium-hydrogen exchanger. The NHX or antiporter is one of the membrane 
transporters that regulate the cardiomyocyte pH, the others being the Na'^-HC 03 " 
symport, Cr-HC 03 ~ and the Ch-OH" exchangers. The first two are activated under 
conditions of acidosis while the latter two respond to alkaline conditions (64). The 
NHX is the most important of these all and has five different isoforms of which 
NHXl is the primary isoform present in cardiomyocytes (65). NHXl maintains the 
intracellular pH and cell volume by exchanging H"^ for Na“^ in a stoichiometric ratio 
of 1 : 1 (66). The glycosylated NHXl protein has a molecular weight of llOkDa. 
It has 2 principal domains, a 500-amino acid transmembrane domain and a 315- 
amino acid hydrophilic carboxy C-terminus cytoplasmic domain that regulates the 
activity of the NHXl via phosphorylation dependent reactions (67). Acidosis is 
the main stimulus for the activation of the NHXl (68) and most of the cell H"^ is 
extruded through it. The antiporter has an H"^ sensor that is receptive to changes 
in the pH where proton binding to a NHXl oligomer causes conformational 
changes causing its activation. The NHX can be activated by other means too apart 
from acidosis like ischemic metaboHtes such as H 2 O 2 (69) and lysophosphatidyl- 
choline (70). Most of these act by stimulation of the phosphoinositide hydrolysis 
and activation of PKC resulting in phosphorylation and activation of NHXl (65) 
and MAPKs (69). Under normal conditions the rate of Na"^ entry via NHX and 
efflux by Na'^-K'^ ATPase would balance each other (71). During ischemia ATP 
depletion causes the inhibition of Na'^-K'^ ATPase (72,73) or Na'^-K'^ pump failure 
(60) resulting in accumulation of intracellular Na"^ and eventually Ca^"^ overload by 
exchanging Na"^ for Ca^"^ via the NCX (reverse mode) (74). Na'^-K'^ ATPase has 
been suggested to be able to remove the acidosis induced Na'^ load all by itself 
in the absence of Na"^ entry (75). NHX inhibitors like amiloride attenuate the 
ouabain induced elevation in [Na'^] and the entry of Ca2'^ through the NCX (71) 
suggesting Na"^ overload to be the primary defect. But for the concomitant Na"^ and 
eventual Ca^"^ overload, NHX activation on reperfusion would have been benefi- 
cial, as it would restore the cellular pH to normal. Some recent studies have strongly 
implicated the NCX in the genesis of Ca^"^ overload by demonstrating its overex- 
pression in animals that showed enhanced IR injury possibly by increasing the Ca^"^ 
entry (76). 

(ii) Sodium-calcium exchanger. The NCX extrudes calcium for Na"^ under normal 
conditions but has a reverse mode that gets activated during IR causing efflux of 
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The NCX is normally driven by an electrochemical gradient and the Na"^ to 
Ca^'^ratio is 3:1 (77). A reversal in the ionic concentrations or membrane potential 
can put the NCX in the reverse mode. In IR, the reverse mode of the NCX plays 
a substantial role in the development of Ca^"^ overload and IR injury (78). Sar- 
colemmal depolarization and increased Na^ concentration are instrumental in this 
role of the reverse mode. Failure of the Na'^-K^ ATPase due to ATP depletion during 
ischemia (73) causes depolarization of the sarcolemma and Na'^ overload, which is 
further accentuated by the intracellular acidosis. Hearts reperfused with low Na"^ 
concentration buffers have shown a depression in the development of Ca^'^ overload 
impheating Na'^overload and the NCX in the genesis of Ca^^ overload and IR injury 
(79). Similar results have been obtained with NCX (80) and NHX inhibitors (81). 
This is consistent with the observation that over expression of NCX is associated 
with an increased susceptibility to IR injury (76). 

From the above discussion, it would emerge that genesis of Ca""^ overload during 
IR depends upon the status of the NHX and NCX. An important corollary to this 
observation is that for Na'^ overload to develop, the failure of the Na'^-K^ pump is 
needed (60,72,73). ATP hydrolysis/depletion during ischemia would inhibit the 
Na'^-K'^ ATPase and this would lead to depolarization of the sarcolemmal mem- 
brane especially during phase 2 of the action potential leading to a reversal of the 
NCX. NaCK"^ ATPase depression would also result in reversal of the ionic con- 
centration gradient that normally exists between Na"^ and Ca““^causing an extrusion 
of Na"^ and not Ca“"^ by the reverse mode of the NCX. 

(II) ISCHEMIC PRECONDITIONING AND CARDIOPROTECTION 

Ischemic preconditioning (IPC) of the myocardium is probably one of the most 
powerful tools for cardioprotection available that can be reproduced easily and all 
animal models experimented with, have shown IPC including humans. Under- 
standing the precise mechanisms involved in IPC would help exploit its therapeu- 
tic potential in treating various cardiac abnormalities. Murray et al. (82) showed 
that anesthetized dogs exposed to four 5-minute ischemic episodes (with 5 minutes 
of reperfusion in between) prior to a 40-minute occlusion of the circumflex coro- 
nary artery and subsequent reperfusion showed a reduction in the infarct size. This 
group had hypothesized that repeated episodes of ischemia would deplete the 
myocardium of all its ATP whereas the intervening reperfusion would help flush 
the ischemic metabolites and reduce the osmotic load of the tissue. But no cumu- 
lative loss of ATP was found compared to the first episode of ischemia. The pro- 
tection afforded was lost when the sustained period of ischemia was prolonged to 
3 hours indicating that IPC was actually delaying the imminent cell death only 
(82,83). Subsequent investigators have broadened the perspective of IPC by adding 
other correlates to the initial reduction in infarct size like changes in ST-segment 
elevation, alterations in cardiac function and effects on arrhythmias (84). It was sug- 
gested that attenuated ST- segment elevation provided immediate evidence of the 
presence of IPC. The occurrence of IPC in animals (rabbits) that do not form 
significant collaterals indicates that IPC is independent of collateral formation. 
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ST-segment attenuation was lost on prolonged reperfusion proving indirectly that 
early IPC is a short acting phenomenon (85). 

IPC occurs in two distinct phases. The one described by Murray et al. (82) is 
the early or classical phase of preconditioning while two groups subsequently 
described a delayed phase of cardioprotection or the late phase (86,87). The early 
phase begins within minutes of the first ischemic stimulus [coronary occlusion for 
60 to 90 seconds during percutaneous transluminal coronary angioplasty (PTC A) is 
associated with less ST-segment elevation and reduced pain with subsequent proce- 
dures], affords potent protection which, lasts for only 120 to 180 minutes (82,85). 
The late phase begins 12 to 24 hours after the ischemic stimulus but lasts for 72 
to 96 hours (88,89). The two phases differ in duration and mechanism of develop- 
ment but both employ a trigger and a mediator of various processes leading to end 
effector eventually. Little interest has been shown in the early or classical precondi- 
tioning primarily because of the short duration and doubtful clinical significance. 
This phase is characterized by a ligand (adenosine, noradrenaline, bradykinins, 
opioids and/or ROS) interaction with the G-protein linked receptors and activa- 
tion of the intracellular targets. These trigger intracellular signaling pathways involv- 
ing the protein kinase C (PKC), tyrosine kinases (TrK), mitogen activated protein 
kinases (MAPK) and opening of ATP- sensitive potassium ATP (Katp) channels both 
in the sarcolemma and mitochondria. It does not protect the heart against the effects 
of stunning or infarction. But during any subsequent ischemic insult the high energy 
phosphate (HEP) depletion, ATP utilization, lactate and accumulation are much 
slower, which would best describe a reduced energy demand of the PC myocardium 
(90,91). 

Most work on IPC has been done in the area of late or delayed PC also called 
the second window of protection (SWOP), which involves complex intracellular 
signaling pathway activation and protein synthesis. NO, PKC, TrK, adenosine recep- 
tor, Katp channels, opiod receptors, cyclooxygenase-2 and aldose reductase are some 
of the sites implicated in the mechanisms of IPC. It has been hypothesized that the 
different triggers result in the translocation of the PKC and subsequent synthesis of 
various cardioprotective molecules Hke heat shock proteins (92) and NOS (93). 
Adenosine, NO, ROS and opioid receptor agonists are probably the triggers of late 
IPC. 

(a) Adenosine receptors 

Adenosine is an autacoid released by myocytes, neutrophils and endothelium into 
the extracellular fluid during early ischemia and mediates it effects through specific 
Al, A2a, A2b and A3 receptors. It exerts its effects on aU the three phases of cardio- 
protection i.e. preconditioning, ischemia and reperfusion. Drury et al. (94) in 1929 
showed that tissue extracts containing adenosine produced bradycardia, hypotension 
and coronary vasodilation. Later, Berne (95) demonstrated a relation among coro- 
nary flow, oxygen consumption by the myocardium and the adenosine levels whereas 
Baxter et al. (96) suggested the role of adenosine in IPC, which is mediated 
through metabolic changes and the Katp channels probably through the Ai and A3 
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receptors. These effects can be blocked by the Katp channel blockers glibenclamide 
(97,98), 5-hydroxydecanoate (5-HD) (104) and glyburide (105) making adenosine 
receptors the upstream and the Katp channels downstream of the same pathway 

(b) ATP sensitive potassium channels (Katp) 

The role of Katp channels is becoming an essential part of IPC as more and more 
studies agree on the common downstream role of Katp- Different studies have sug- 
gested that the Katp channel opening is integral to the effects seen with ischemia 
(99), adensoine receptor agonists (both Ai and A 3 ) (100), 5i~ opioid receptor agonist 
(101) and heat stress (102). ATP was the first known modulator of the function of 
potassium channels and came to be known as ATP-sensitive potassium channels. 
High concentrations of ATP close the Katp channel under normal physiologic con- 
ditions while ADP activates the opening of these channels. Much of the work on 
their role in IPC comes from the use of pharmacological blockers; however in the 
recent past focus has shifted from the surface channels to the ones located on the 
inner side of the mitochondrial membrane. 

(i) Mitochondrial ATP sensitive potassium channels (mitoK^p)- GarUd et al. (103) have 
shown a role for the mito Katp channels downstream of the mediators mentioned 
above. Though the exact mechanism remains elusive, it is known that Katp block- 
ers like 5-HD (104), glibenclamide (98) and glyburide (105) abolish the protection 
afforded by IPC. This blockade has been confirmed in human tissue as well (106). 
So adenosine receptor activation stimulates the mitoKATp channel opening through 
an unknown G-protein coupled pathway (107), an effect that can be blocked by 
the Katp channel blockers suggesting adenosine to be the upstream and mitoKATP 
channels to be the downstream of the same pathway. What links these two players 
of this pathway to each other was ascertained, at least in part, by two studies that 
indicated a role for PKC. Adenosine (Al) receptor stimulation activates PKC and 
inhibits PKA, both of which are known to effect mitoKATP gating. PKC in partic- 
ular has been shown to activate the Katp (sarcolemmal) channel opening (108,109). 
Probably it phosphorylates the Katp channel protein in a way so as to cause its 
activation. Most of the triggers mentioned above increase the cyclic-guanosine 
monophosphate (c-GMP) levels either directly by acting on the myocytes or via the 
endothelium; c-GMP levels of the preconditioned hearts has been shown to be 
higher than the virgin hearts (110,111). A recent study has shown that NO-donors 
stimulate c-GMP dependent protein kinase (PKG) that facilitates Katp channel 
opening, an effect that was blocked by selective PKG inhibitors (112). 

(ii) Sarcolemmal ATP sensitive potassium channels. The sarcolemmal Katp channels 
were first described by Noma (113) in ventricular myocytes. These have a repolar- 
izing effect on the potassium currents thereby shortening the action potential dura- 
tion (APD) (114) and causing the early repolarization (“injury current of ischemia”) 
thought to be the basis of the ST-segment elevation due to ischemic insult (115). 
The study of these channels was based upon two hypotheses: (i) Katp channel 
blockers would protect against IR injury and arrhythmias in particular, (ii) Katp 
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channel openers would be protective by shortening the APD thereby reducing the 
entry into the cell. Studies with Katp channel openers revealed shortening of 
the APD and recovery of post ischemic contractile function suggesting a possible 
association between cardioprotection and APD (116). Some of the studies however 
showed that there was conservation of ATP during ischemia and mitochondrial 
protection with Katp channel openers (117,118). APD shortening should cause 
reduced contractile function, which did not augment well with ATP conservation 
suggesting another mechanism for the effects mediated by Katp channel openers. 
Studies with aprikalim, a Katp channel opener, showed protection that was more 
than what would be seen with cardioplegia alone (119). These results indicated the 
APD shortening effect not to be as important as believed and some other studies 
with Katp channel openers like bimakalim, cromokaUm reduced the infarct size 
in dogs without affecting the APD (120,121,122). This separated the cardioprotec- 
tion from APD shortening and the surface Katp channels. Nevertheless, the effect 
on the APD is critical to the mitochondrial ability to regulate the calcium con- 
centration and protects against calcium overload. Kir6.2, the inward rectifying potas- 
sium channel and SUR (sulfonyl urea receptor), the ATP binding cassette protein 
together form the Katp channels. SUR provides for binding of the sulphonylurea 
drugs, Katp channel openers and ATP and ADR Jovanovic et al. (123) have shown 
that Kir6.2/SUR2A gene delivery along with pharmacologic activation of the Katp 
channel resulted in a phenotype that could effectively handle intracellular Ca^"^ over- 
load irrespective of the degree of metabolic insult. Transgenic mice deficient in Katp 
channel have been shown to lose their ability to maintain intracellular Ca^"^ home- 
ostasis (124). This provides an exciting new potential for gene therapy for Katp 
channel in IR injury. 

(c) Protein kinase C 

Baxter et al. (125) proposed a role for PKC in IPC. It has been implicated in the 
preconditioning seen with adenosine and heat stress (92) mostly by facilitating the 
Katp channel opening. Most of the evidence is indirect and comes from the use of 
pharmacological inhibitors like chelerythrine. Baxter andYellon hypothesized that 
IPC is a result of PKC translocation from the cytosol to the nucleus. Ping et al. 
(126) showed that the epsilon (e) (and the r|) isoforms of PKC are translocated (and 
activated) during IPC without affecting the total PKC activity. Ventura et al. (170) 
have shown K-opioid receptor stimulation to cause translocation of PKC to the 
nucleus resulting in an increased transcription of the opioid peptide gene. It was 
further shown that PKC isoform e, but not Tj is necessary for late IPC (127) and 
that the activation of PKC was blocked by L-NAME suggesting the role of NO in 
PKC activation (128). Studies with NO donors in the absence of ischemia resulted 
in translocation and activation of PKC similar to that seen in IPC (128). Though 
speculative, this would suggest a role for the NO derived ROS like peroxy nitrite 
in PKC mediated IPC. This viewpoint was supported by the fact that MPG blocked 
the activation and translocation of PKC e (129). 
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(d) Tyrosine kinases and mitogen activated protein kinases 

The TrKs are a group of receptor and non-receptor kinases involved in downstream 
intracellular signaling of different pathways like PKC mediated IPC. Dawn et al. 
(130) have shown that inhibition of the non-receptor TrKs of Src family abolished 
IPC seen with PKC activation. Some studies have indicated that chelerythrine 
blocked the IPC induced activation of these Src family members (Src and Lck) sug- 
gesting their role downstream of PKC e (131). Gustein et al. (22) have shown that 
opioids can cause activation of the extracellular signal regulated kinase (ERK) and 
p38 MAPK. These observations would suggest a role for TrK and MAPK in the 
PKC signaling mediated IPC. 

(e) Opioids 

Opioid receptor agonists have been shown to be protective against cardiovascular 
abnormalities (132,133) and the IR injury induced arrhythmias (134). In particular 
the deltal (61)-opioid receptor has been reported to provide adaptation to stress and 
protect against arrhythmias (135). In 1995, Schultz et al. (136) showed that the 
opioid antagonist naloxone blocked the IPC induced effect on the infarct size. Later 
it was reported that the preconditioning seen with opioids is mediated by the 
peripheral receptors (137). Subsequent studies with morphine have revealed that the 
preconditioning effect of opioids is manifest at the level of the cardiomyocytes in 
the intact hearts and a role for the mitoKAXp channels has been suggested (138). 
Fryer et al. (171) have shown the involvement of the opioids in the SWOP. They 
reported TAN 67, a 51 -opioid receptor agonist, to reduce the infarct size after 
24-48 hours of administration and not after 12 hours. This effect could be blocked 
by the administration of BNTX (a selective 51 -antagonist), glibenclamide and 
5-hydroxydecanoate indicating a role for mitochondrial Katp channels as well. 

(f) Nitric oxide and reactive oxygen species in delayed IPC 

The essential role of ROS for the development of late IPC was demonstrated by 
the abolition of late IPC by administration of MPG (139) alone and in combina- 
tion with catalase and SOD (140). MPG has also been shown to block the late IPC 
developed against arrhythmias and infarction (141). This has been confirmed by the 
intracoronary administration of ROS generating solutions in rabbits producing late 
IPC response (142). Development of late IPC in the presence of adenosine block- 
ers (143) and the loss of IPC against stunning (144) and infarction (145) by the 
administration of L-NAME suggested a role for NO as a trigger in late IPC. These 
studies further showed iNOS to be the isoform involved in the development of late 
PC. Guo et al. (146) showed that iNOS, but not eNOS, gene is upregulated in late 
PC and that selective targeting of the iNOS gene resulted in loss of cardioprotec- 
tion from IPC, while pretreatment with NO donors mimiced cardioprotection 
similar to the one afforded by IPC against stunning and infarction even in the 
absence of ischemia (129). Leesar et al. (147) have shown that pretreatment with 
nitroglycerin (NTG) 24 hours before coronary angioplasty affords cardioprotection 
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evidenced by an attenuated ST-segment elevation, less chest pain and reduced 
regional ventricular wall abnormalities. Recent studies have implicated NO as both 
the trigger and mediator of late PC. NO and its second messenger, cGMP, have 
been shown to produce multiple effects on the myocardium like antagonism of (3- 
adrenergic stimulation, reduced myocardial oxygen consumption and contractility as 
well as opening of Katp channel (148,149). Another interesting study to distinguish 
between the isoforms of NOS involved in IPC employed tetrahydrobiopterin (BH4), 
the cofactor needed for NO production by both iNOS and eNOS. NO is 
produced continuously by iNOS but in a sudden spurt by eNOS and both need 
BH4 for this. Takano et al. (150) in this study showed that BH4 is needed for the 
cardioprotection seen with late IPC. Blocking BH4 formation on day 1 prior to 
the first ischemic stimulus did not abolish the protection seen by late PC whereas 
by blocking the formation of BH4 on day 2, the cardioprotection of late PC was 
abolished. It was hypothesized that there was enough BH4 to support the early 
formation of NO by eNOS but the subsequent NO originated from iNOS. 

(Ill) PHARMACOLOGICAL MEDIATORS OF CARDIOPROTECTION 
(a) Antioxidants 

Different studies in the past two decades have provided substantial evidence impli- 
cating ROS in the pathology of IR injury. The free radicals generated during the 
first few minutes of reperfusion include superoxide and hydroxyl radical, as well as 
oxidants such as peroxynitrite and H2O2. Major antioxidant systems include: (i) scav- 
engers like SOD, catalase, dimethylthiourea, MPG, vitamin E and ascorbic acid and 
p-carotene, (ii) glutathione (GSH) and GSH peroxidase and (iii) chelators like des- 
ferroxamine. SOD is considered the first line of defense and consists of copper/zinc, 
iron and manganese SOD (Cu, Zn-SOD, Fe-SOD and Mn-SOD). Mn-SOD is gen- 
erated on the inner side of the mitochondrial membrane and is critical to the ROS 
neutralization. Melov et al. (27,28) have showed that transgenic mice deficient in 
mitochondrial SOD have a maximum life span of 8 days only. Chen et al. (151) 
have shown that overexpression of the Mn-SOD in transgenic mice protects against 
IR injury in mice and expression of human Mn-SOD in transgenic mice has been 
shown to protect against the eproxidation of the membrane lipids (152). SOD 
confers protection by dismutating the superoxide anion to molecular oxygen 
and H2O2. Catalase is another free radical scavenger that acts in tandem with 
SOD and further reduces the H2O2 to water and molecular oxygen (153,154,155). 
Previous work from our laboratory has shown preservation of SR function, 
gene expression and SR protein phosphorylation on treatment of IR hearts with 
SOD and Catalase (39,40). SOD administration has also been shown to reduce 
arrhythmias associated with repefusion (156) and thrombolysis (157). Studies 
with Dimethylthiourea and MPG have shown significant improvement in cardiac 
function in IR hearts by scavenging the highly reactive hydroxyl radical when 
administered before reperfusion (158,159,160). Effects of oxidative stress have 
also been attenuated by the use of antioxidants like Vitamin E (a-Tocopherol) 
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analogues, ascorbic acid and a novel lipid peroxidation inhibitor. Vitamin E gets 
incorporated into cells rather slo\vly due to its lipophilicity and hence does not find 
much application in acute ischemic or reperflision insult. IRFl 042, a Vitamin E 
analogue has been shown to reduce infarct size in a dose dependent manner in IR 
injury (161). It has been reported to act by inhibiting the nuclear factor kB. Shimizu 
et al. (162) have shown H290/51 (an indole derivative) to reduce the infarct size 
in pigs by inhibiting the lipid peroxidation of the membranes. 

(b) Opioids 

Cardiac tissue, both atria (163) and ventricles (163,164), has been shown to syn- 
thesize all three types of opioid peptides (enkephalin, endorphin and dynorphin) 
and it is well established that they are released into the circulation under conditions 
of stress (132). Of the three opioid receptor types characterized so far (5, p, k) 
(165,166), functional studies have indicated the presence of 6 and K receptors in the 
adult cardiac tissue (167,168). Opioids are involved in different cardiovascular patho- 
physiologies like congestive heart failure (133), IR induced arrhythmias (134) and 
the effects of circulatory shock on the baroreceptors (132). Maslov et al. (135) have 
shown that hypoxia or stress adaptation of the heart against arrhythmias 
activates the 6-opioid receptor in providing protection. But the most significant 
evidence for the role of opioids in cardioprotection came from the work of Schultz 
et al. (136) who showed that opioid receptor antagonist nalaxone blocked the 
cardioprotection afforded by IPC on the infarct size. It was later shown that the 
cardioprotective effect of opioids was mediated through peripheral opioid receptors 
in rabbit hearts (137). As discussed earUer, the cardiac tissue releases opioids endo- 
genously in response to stimuli Hke ischemia and the left ventricle has even been 
suggested to behave like an endocrine organ producing enkephlins (164). Takasaki 
et al. (169) have further suggested that proenkephlin products are the likely 
mediators of IPC in the rabbit heart. The cardioprotective effect of the opioids 
is exerted at the levels of the cardiomyocyte and mediated via the activation of 
the Katp channels. This was indicated by blocking the concentration dependent 
effect of morphine in isolated cardiomyocytes by nalaxone, glibenclamide and 5- 
hydroxydecanoate (138). Significandy, Ventura et al. (170) showed that K-opioid 
receptor stimulation causes translocation of PKC to the nucleus resulting in 
increased transcription of the opioid peptide gene. Fryer et al. (171) have shown 
opioids to have role in the SWOP. Bolling et al. (172) could protect hearts exposed 
to cold cardioplegia of 18 hours or global ischemia for 2 hours by using a 6-opioid 
receptor agonist, DADLE, showing promise for organ preservation and during bypass 
surgeries. 

(c) Beta Blockers 

p-blockers have been used for a long time mostly to treat hypertension. But they 
have also shown promise in angina pectoris, myocardial infarction and even con- 
gestive heart failure. Timolol, propranolol, atenolol, metoprolol, carvedilol are some 
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of the p-blockers that have proven to be effective. Most effects seen can be safely 
attributed to as class effects; these would include correction of hypertension, chest 
pain, improvement in supraventricular tachyarrhythmias and ventricular arrhythmias 
and prevention of reinfarction (173). The antiischemic effects seen with P-blockers 
probably result from a reduction in the heart rate and contractility, which means 
reduced oxygen consumption. It is not fully understood as to how p-blockers reduce 
mortality and the incidence of sudden cardiac death. Beta- 1 -blockade seems to be 
the major mechanism responsible for the similar actions of selective and non- 
selective P-blockers. This doesnot seem to be the mechanism of reducing the inci- 
dence of sudden cardiac death. Carvedilol is a non-selective p-blockers that has 
shown much promise in the recent past due to its ability to block both beta 1 and 
2 and also alpha 1 receptors (174). It shares all the other properties of p-blockers 
and in addition decreasing the afterload on the heart due to its ability to block the 
al receptors. Different studies have shown the ability of carvedilol to reduce the 
infarct size in IR animal models (175). It has been shown to reduce the neutrophil 
accumulation (176) as well as incidence of ventricular arrhythmias (177) and inhibit 
lipid peroxidation of the myocardial cell membranes (176). 

(d) Angiotensin converting enzyme inhibitors 

Angiotensin converting enzyme (ACE) converts angiotensin I (AI) to angiotensin 
II (All) and degrades bradykinin. A II is cardiotoxic at pathophysiological levels and 
causes cardiomyocyte necrosis by stimulating the formation of ROS from non- 
phagocytic NAD(P)H oxidases (179). The cardiovascular actions of A II are mainly 
mediated through the ATI receptor as seen by reduced infarct size in studies using 
ATI receptor blockers (180). ACE inhibitors have been shown to limit the infarct 
size, prevent reperfusion arrhythmias and reduce reinfarction (181). ACE inhibitor 
not only prevents the conversion of AI to All but also attenuates bradykinin degra- 
dation. ACE inhibitors (182) and ATI receptor blockers (183) have both shown 
protection against IR injury. Even pretreatment with ACE inhibitors has been 
shown to benefit against myocardial infarction (184). Angiotensin receptor 1 (ATI) 
blockade causes an increase in the levels of All. Increased All has been hypothe- 
sized to activate the AT2 receptors in the endothelium causing increased formation 
of bradykinin leading to cardioprotection (185). The reduction in infarct size seen 
with candesartan (ATI receptor blocker) was abolished by the concomitant use of 
bradykinin receptor blocker and cyclooxygenase inhibitor indicating a role for 
bradykinin and prostaglandins in mediating the effects of candesartan (186). 



CONCLUSION 

Innumerable studies conducted to elaborate the mechanism of IR injury narrow 
down to the Ca^"^ and the oxyradical hypotheses. The two are not mutually exclu- 
sive and many points of convergence have been speculated but a careful assessment 
would be needed before they could be integrated and the results extrapolated to 
humans. Of the different cardioprotective mechanisms studied, IPC is the most 
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powerful method and if adequately exploited could prove to be a powerful thera- 
peutic tool. Elucidation of the roles of different molecules like adenosine receptors, 
NO, bradykmm, SOD, Na^-K" ATPase, NCX, PKC and the channels has given 
a new direction to research in the area of IR injury whereas genetic manipulation 
of these targets could provide new powerful tools for cardioprotection. 
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Summary, The regulation of arachidonate metabolism and eicosanoid production is con- 
trolled by the cytosolic phospholipase A 2 (CPLA 2 ) and the cyclooxygenases (COX). In this 
study, the regulation of the arachidonate-eicosanoid cascade in premoncytic cells (U937) and 
cardiac myocytes (H9c2) was investigated. Cells were treated with PMA, and the release in 
arachidonate and the production of PGE 2 were monitored. PMA caused an immediate 
enhancement of arachidonate release and an elevated PGE 2 production at a later time point. 
Under identical experimental conditions, the CPLA 2 , COX-1 and COX-2 enzyme protein 
levels were analyzed by immunoblotting assay. In U937 cells, PMA caused a small increase 
in CPLA 2 protein, whereas an induction of COX-2 expression and an up-regulation of COX- 
1 expression were observed. In H9c2 cells, PMA treatment caused the up-regulation of all 
three enzymes, but the up-regulation of COX-1 was marginal when compared with COX- 
2. Our study clearly shows that PMA caused an increase in arachidonate release and the sub- 
sequent production of PGE 2 in both U937 and H9c2 cells. The action of PMA is mediated 
via the modulation of CPLA 2 and COX-2 expression in both cell types. Our results confirm 
the important roles of these two enzymes in the regulation of the arachidonate-eicosanoid 
cascade in both monocytes and cardiac myocytes. 

Key words: arachidonate, eicosanoid, phospholipase A 2 , cyclooxygenase, monocyte. 

INTRODUCTION 

Arachidonic acid (AA) is an essential fatty acid and an important precursor for the 
biosynthesis of bioactive lipid mediators. The vast majority of cellular AA is stored 
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in acylated form in membrane phospholipids. The initial step for the synthesis of 
the AA metabolites is the release of the free fatty acid from membrane phospho- 
lipids by a group of hydrolytic enzymes (reviewed in 1-3). The principal hydrolytic 
enzyme for the release of AA is the cytosolic phospholipase At (CPLA 2 ), which 
preferably hydrolyzes A A from the sn-2 position of phospholipids (1—3). The tree 
AA by itself is an important second message in a variety of cellular processes (4—8). 
In addition, it can be converted to the eicosanoids (1-3) by the action of cyclooxy- 
genases (COX) to produce prostaglandins and thromboxanes. Hence, both PLAt and 
COX appear to be key enzymes for the production of inflammatory mediators 
(reviewed in 9,10). 

Mammalian organs contain structurally diverse torms of PLAt. PLAt are classi- 
fied into several major types including secretary PL At (sPLAt), calcium-independent 
PLAt, and the 97kDa cytosolic PLAt (cPLAt). The cPLAt plays an important role 
in mediating AA release, because cells lacking cPLAt are generally devoid of 
eicosanoid synthesis, and cPLAt preferentially hydrolyzes sn-2 arachidonic acid 
(1-3). The COX has two isoforms: COX-1 and COX-2. The two enzymes catalyze 
the committed step in prostaglandin synthesis (11,12). COX-1 is constitutively 
expressed in most tissues, whereas COX-2 is inducible and subjected to transcrip- 
tional regulation upon varieties stimuli. Of interest, the human cPLAt and COX-2 
genes are mapped to the same chromosome lq25, and the promoters share some 
similarities in both 5' and 3' untranslated regions suggesting the possibility of coor- 
dinated regulation (12-14). 

The regulation of AA metabolism is controlled by multiple interconnected path- 
ways at multiple stages via different mechanisms, however, the detailed mechanisms 
and regulations have not been fully delineated. We hypothesized that the regulation 
of arachidonate-eicosanoid cascade is mediated through the modulation of the key 
enzymes. In this study, we investigated the modulation of AA metabolism by phorbol 
12-mysristate 13-acetate (PM A) in two cultured cell models, the human premono- 
cytic U937 cells and the rat heart myoblastic H9c2 cells. The purposes of this study 
are two-folds; (1) to study the effects of PMA on the production of AA and PGE 2 ; 
and (2) to study the tissue-specific expression and the coordinated regulation of the 
three key enzymes; CPLA 2 , COX-1, and COX-2 by PMA. 



MATERIALS AND METHODS 
Materials 

Dulbecco’s modified Eagles medium, PMRI-1640 medium, phosphate-buffered 
saline, phorbol 12-myristate 13-acetate (PMA), bovine serum albumin (BSA), and 
other chemicals were obtained from Sigma Chemical Company (St. Louis, MO). 
Polyclonal anti-COX-2 antibodies, monoclonal anti-cPLA 2 antibody, and polyclonal 
anti-Actin antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA). Monoclonal anti-COX-1 antibody and PGE 2 EIA assay kit were 
purchased form Cayman Chemical Co. (Ann Arbor, MI). lonomycin (a 
calcium ionophore) was obtained from Biomol Inc. (Plymouth Meeting, PA). 
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[5,6,8,9,ll,12,14,15-'^H]-arachidonic acid (209 mCi/mmol) was obtained from 
Amersham Pharmacia Biotech (Buckinghamshire, England). All lipid standards were 
obtained from Serdary Research Laboratory (London, Ontario, Canada). Thin layer 
chromatograph plates (SIL G-25) were the products of Mecherey-Nagel (Postfach, 
Germany) . 

Cell culture and labeling 

H9c2 cells, a rat heart myoblast cell line was obtained from the American Type 
Culture Collection. They were cultured in culture dishes with Dulbecco’s modified 
Eagles medium containing 10% fetal bovine serum, 100 units/mL of penicillin G, 
10|ig/mL of streptomycin, and 0.25)Lig/mL amphotericin B. The cells were incu- 
bated at 37°C in an atmosphere of 95% humidified air and 5% carbon dioxide until 
70% confluence was achieved. In some experiments, cells were switched to serum- 
free medium containing 0.1% BSA and incubated for 12 hours before the appro- 
priate amount of PMA in vehicle or vehicle alone (0.01% dimethylsulfoxide) were 
added for the prescribed periods of time. 

The human premonocytic cell line U-937 was obtained from the American Type 
Culture Collection. These cells were grown in cell culture dishes with RPMI-1640 
medium containing 10% fetal bovine serum, 100 units/mL of penicillin G, 10|ig/mL 
of streptomycin, and 0.25|Ltg/mL amphotericin B. Cells were seeded in flasks at a 
density of 3 X 10^/mL for 12 hours and radio-labeled with l.OpCi/mL ['^H] AA 
for 12h in serum-free RPMI-1640 medium containing 0.1% bovine serum albumin. 
At the end of the labeling, cells were washed 3 times with the same medium to 
remove any nonspecific binding of AA to the cell surface. Subsequently, cells were 
incubated in the serum-free medium containing 0.1% BSA and the appropriate 
amount of PMA for the prescribed amount of time. 

Measurement of AA-release 

The AA released from the cells was determined as described previously (15,16). 
Briefly, cells treated with PMA or vehicle were stimulated with 5|iM calcium 
ionophore (lonomycin, Biomol Research Labs., Inc.) for 15 min, and the labeled AA 
released into the medium was determined. The recovered medium was acidified 
with 50|xL of glacial acetic acid, an a 0.8-mL aliquot was resolved by thin layer 
chromatography in a solvent system consisting of hexane/diethyl ether/acetic acid 
(70:30:1, v/v). The fatty acid fraction on the thin-layer chromatographic plate was 
visualized by iodine vapor, and its radioactivity was determined by liquid scintilla- 
tion counting. 

Measurement of PGE2 release 

The effect of PMA on the production of PGE 2 in U937 and H9c2 cells were deter- 
mined. Following a quiescent period in serum-free medium for 12h, cells were 
treated with PMA for 0— 72h. After the treatment, the medium was collected to 
determine the endogenous production of PGE 2 by an enzyme immunoassay (EIA) 
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using a commercial prostaglandin E 2 El A Kit (Cayman Chemical). Briefly, 50|iL of 
the standard PGE 2 or samples was added to the pre-coated mouse anti-rabbit IgG 
macrotitre plates. Subsequently, SOjiiL PGE 2 tracer and 50|iL monoclonal antiserum 
of PGE 2 were added into each well and the mixture was incubated for 18h at 4°C. 
Following the incubation, the content in each well was removed and the wells were 
washed with PBS buffer containing 0.05% Tween-20 for 12 times. After wash, wells 
were incubated with 200 jiL Ellmans reagent for 90 min at room temperature on a 
shaker, or until a yellow color developed. The absorbance of solution was measured 
by a mocroplate reader at A 4 i 2 nm- PGE 2 concentrations were calculated from a stan- 
dard curv^e. 

Electrophoresis and Western blot analyses 

Cells were collected and washed in ice-cooled PBS buffer and the cell pellet was 
obtained by a centrifugation at lOOOg for 10 min. at 4°C. The cell lysate was pre- 
pared by treating cells on ice for 20 min with the lysis buffer containing 15nM Tris, 
pH 8.0, 0.5% Tween X-100, 1 nM DTT, 0.5nM EDTA, and 1 mM phenyl- 
methysulfonyl fluoride (PMSF). Subsequently, the supernatant was obtained by cen- 
trifugation at 4000 g for 8 min. The protein concentration of the supernatant was 
determined by the Bio-Rad protein assay kit (Bio-Rad Laboratories), using bovine 
serum albumin as standard. 

Samples containing 30 to 50|ig of protein were subjected to sodium dodecylsul- 
fate/8.0% polyacrylamide gel electrophoresis (SDS-PAGE) with pre-stained protein 
markers as references. Protein fractions in the gel were transferred to the Immo- 
bilon-P transfer membrane (Millipore). The membrane was incubated with the 
monoclonal anti-cPLA 2 (1:200-1:500), anti-COX-1 (1:1000), polyclonal 
anti-COX-2 (1 :500), or polyclonal anti-Actm (1 :2000) antibodies. The membranes 
were then exposed to secondary antibodies that were coupled to horse-radish per- 
oxidase. The protein bands were detected on film using a Western blotting detec- 
tion reagent kit (Amersham). The relative intensities of protein bands were acquired 
using Bio-Rad MAZ Multilmaging System (Bio-Rad Laboratories), and data were 
digitized and analyzed by the Quantity One software supplied by Bio-Rad 
Laboratories. 

Statistical analysis 

The data were analyzed by a two-tail independent Student’s t test. In all cases, the 
level of significance was defined as P < 0.05. Results are presented as the mean ± 
standard deviation. 

RESULTS 

PMA induced arachidonic acid release in U937 cells 

We reported earlier that PMA caused an enhancement of AA release in H9c2 cells 
(15). In this study, the effect of PMA on AA release in human premonocytic 
U937 cells was investigated. Labeled arachidonic acid was incorporated into U937 
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Figure 1. PMA-induced arachidonic acid release in U937 cells. U937 cells were metabolically 
labeled with [^H] arachidonic acid, and incubated in the absence or presence of 160nM PMA for 
0-72 h. After PMA treatment, the cells were stimulated with 5pM lonomycin for 15 min. An aliquot 
of the medium was taken and labeled arachidonic acid was isolated by thin-layer chromatographic 
(TLC) and quantified by scintillation counting. Data are expressed as means ± S.D. of three separate 
sets of experiments. 



cells by incubating the cells in a serum-free RPMI-1640 medium containing 0.1% 
BSA, and [^H] arachidonic acid (l.OuCi/mL) was added into the incubating 
mixture. The cells were incubated for 12h at 37°C, and then washed with the unla- 
beled medium. For each study, the labeled cells were incubated with the serum- 
free medium (with 1% BSA) and 160nM PMA for various time periods. Subsequent 
to the prescribed period of incubation, the cells were stimulated with calcium 
ionophore (lonomycin, 5|iM) for 15 min, and the amount of labeled AA released 
to the medium was determined. As shown in Figure 1 an increase in AA release 
was sustained at all time points (up to 72 h) of PMA treatment, but the maximum 
increase in AA release was obtained at 0.5 h of incubation. Our results indicate that 
the enhancement of AA release by PMA treatment in U937 cells was similar to that 
obtained in H9c2 cells (15). 

PMA induced PGE 2 release in U937 and H9c2 cells 

AA is the precursor for eicosanoid biosynthesis. In this study, the release of PGE 2 
into the medium following PMA stimulation in U937 and H9c2 cells were deter- 
mined. Cells were stimulated by PMA as described in the previous section, and the 
amount of PGE 2 released into the medium was determined by enzyme immunoas- 
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Table 1. The effect of PM A on PGE 2 release in U^>>37 cells 



PMA treatment (nM) 


PGE: release (pg/ml) 


0 


9.54 ± 2.08 


1 


193.56 ± 28.14“ 


1(1 


249.90 ± 27.12^ 


100 


256.37 ± 28.61 f 


200 


238.00 ± 4.51’ 


4( )0 


217.68 ± 75.31“ 



U937 cells were incubated in serum-free P.MRI-IMU medium containing 
U.r'o BSA with increasing concentration t)f PM.3 for 48 h. The cell-free 
medium was recovered and PGE: concentration was determined by ElA. 
Results are means ± standard deviation of two separate sets of experiments. 
'P < 0.05 when compared with the control (untreated). 



say (El A). As shown in Figure 2a, the PM A treatment did not cause a detectable 
increase in PGE 2 production during the first 12-h treatment. Interestingly, the 
amount of PGE 2 in the medium was marginally elevated at 24 h of treatment, and 
a substantial increase was observed at 48 and 72 h of incubation. In a dose-response 
study, a 19-fold increase in PGE 2 production was observed when cells were treated 
with 1 nM PMA (Table 1). Maximum increase in PGE 2 release (26-fold increase) 
was observed by the treatment with lOOnM PMA under identical experimental 
conditions. 

PMA treatment also caused a moderate increase of PGE 2 release in H9c2 cells. 
In a time course study, an increase in PGE 2 release was observed at 3 h of incuba- 
tion. A higher degree of increase in PGE 2 release was observed during 24 and 
48 h of incubation. Further increase in the incubation time did not cause a high 
degree of increase in PGE 2 release m the H9c2 cells (Figure 2b). Our results indi- 
cated that PMA treatment caused a time dependent enhancement of PGE 2 release 
in both U937 and H9c2 cells. A more rapid response to PMA treatment was 
observed in FI9c2 cells than U937 cells. In both cases, the enhancement of AA 
release by PMA precedes the increase in PGE 2 release in both cell types. 

Effect of PMA on CPLA 2 , COX-1, and COX-2 in U937 and H9c2 ceUs 

The PMA-induced enhancement of AA release and PGE 2 production could be 
caused by the increase in the respective enzymes. Hence, quantitative determination 
of enzymes obtained from the control and PMA treated cells were analyzed by 
SDS-PAGE. As shown in Figure 3a CPLA 2 level was marginally higher in cells 
treated with 160nM PMA during the first 0.5 h (116% ± 9%) and reached a 
maximum at 24 h (153% ± 12'%). After 24 h of incubation, the level of CPLA 2 
was drastically reduced (62% ± 10% at 48 h, 38'% ± l'% at 72 h). It appears that 
PMA caused a biphasic response in the modulation of CPLA 2 enzyme levels, 
with an early up-regulation followed by a down-regulation. The biphasic change of 
CPLA 2 levels may in part contribute to the observed increase in AA release in the 
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Figure 2. PMA-induced PGE 2 release in U937 and H9c2 cells. U937 (Figure a) and H9c2 
(Figure b) cells were incubated in serum-free PMRI-1640 or DMEM-medium containing 0.1% BSA 
in the presence of 160 nM PMA for 0-72 h. After PMA treatment, a aliquot of the medium was 
taken for the determination of PGE 2 production by EIA. Data are expressed as means ± S.D. of four 
experiments. 
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Figure 3. Effect of PMA on cPLA., COX-1, and COX-2 in U937 and H9c2 cells. U937 (Figure a) 
or H9c2 (Figure b) cells were incubated with 160nM PMA for 0-72 h. The cell lysates containing 
50 mg of protein were subjected to SDS-PAGE (8.0‘).»). The protein bands in the gel were transferred 
to PVDF sheet and treated with respective primary antibodies. Protein bands corresponding to CPLA 2 , 
COX-1, and COX-2 were detected by a coupled peroxidase color development system. 



early phase of PMA stimulation, followed by a moderate reduction after prolonged 
treatment. 

A similar pattern of response on the level of cPLA^ by PMA treatment was also 
obtained in H9c2 cells. Treatment with PMA caused an immediate increase of the 
CPLA 2 level, and the stimulation was maintained at the first 6h of incubation. The 
effect was diminishing at 12h, and totally eliminated at 24 h of incubation. This 
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observation is consistent with the observed biphasic response of PGE 2 release by 
PMA stimulation in H9c2 cells (Figure 2b). 

The effect of PMA on the levels of COX-1 and COX-2 enzyme proteins was 
also studied under the same experimental conditions. In U937 cells, PMA treat- 
ment caused a slight decrease in COX-1 protein level during the first 6h of incu- 
bation, and returned to the control level after 12h of incubation. The COX-1 level 
was subsequently up-regulated between 24-72 h, with a 6-fold increase in enzyme 
level at the 72 h time point. In contrast, COX-2 protein was not detected in 
untreated U937 cells. Upon PMA treatment, COX-2 protein was induced and 
became detectable 3 hours after PMA-treatment. The enzyme level was found to 
increase linearly between 3-24 h, and exponentially between 24-72 h of incubation. 
The change in COX-2 enzyme levels is consistent with the observed increase in 
PGE 2 release in U937 cells (Figure 2a), suggesting that it may play a significant role 
in PGE 2 production. 

Treatment of H9c2 cells with PMA also caused a biphasic response in COX-1 
level during a time course study. The enzyme level was reduced during the first 6 
hours of treatment, and subsequently returned to normal level after 24 hours of 
treatment. The level of COX-2 was slightly elevated between 3-24 h of incubation, 
and greatly stimulated at 48 h and 72 h of incubation (Figure 3b). The immunos- 
taining of actin in the same blot was employed as a control to exclude the possi- 
bility of unequal loading of the protein sample into the gel. The change in COX-2 
enzyme level is consistent with the observed increase in PGE 2 release in H9c2 cells 
(Figure 2b). 

The efficacy of PMA in the modulation of COX-1 and COX-2 

The efficacy of PMA in the modulation of COX-1 and COX-2 proteins in U937 
and H9c2 cells were conducted in a does-response study. U937 cells were incu- 
bated with various concentrations of PMA (1— 400nM) in serum-free RPMI-1640 
medium containing 0.1% BSA for 48 h. An aliquot of the cell lysate containing 
50 mg of protein was subjected to SDS-PAGE (8.0%). As shown in Figure 4a, COX- 
1 levels were effectively up-regulated at low PMA levels (1 nm PMA with 5-fold 
increase) and were not significantly affected by increasing PMA concentrations 
between 1 0-400 nM. In contrast, COX-2 was not detectable in U937 cells in the 
absence of PMA (Figure 4a). However, COX-2 was induced upon PMA treatment, 
and the levels increased in a does-dependent manner with an optimal concentra- 
tion of PMA between 50-200 nM. A similar set of experiment was conducted 
with H9c2 cells (Figure 4b). The COX-1 levels in these cells were not significantly 
affect by increasing PMA concentrations between 1-100 nM. A marginal increases 
were noticed with high does of PMA treatment (>100 nM). However, COX-2 was 
significantly up-regulated by increasing PMA concentrations between 1-200 nM. 
The result obtained from this study indicates that an optimal concentration of 
PMA (160nM) was used in our study. It also illustrates the diversity of response by 
different cell types to low concentrations of PMA in the modulation of enzyme 
levels. 
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Figure 4. Does response for the effects of PMA on enzyme protein synthesis of COX-1 and COX-2 
in U937 and H9c2 cells. U937 (Figure a) or H9c2 (Figure b) cells were incubated in serum-free 
RPMI-1640 medium containing O.l'M. BSA with increasing concentration of PMA for 48h. The cell 
lysates containing 50 mg ot protein were subjected to SDS-PAGE (8.0%). The protein bands in the gel 
were transferred to PVDF sheet and treated with respective primary antibodies. Protein bands corre- 
sponding to COX-1, and COX-2 were detected by a coupled peroxidase color development system. 



DISCUSSION 

The central role ot arachidonic acid metabolism in the production of eicosanoids 
in mammalian cells is well documented (12,13). The production of prostanoids 
is regulated by the arachidonate-eicosanoid cascade. In this cascade, the cPLA^ is 
responsible for the release ot the free AA from the membrane phospholipids, whereas 
COX is responsible for the eicosanoid formation (reviewed in 2,17—19). Our results 
demonstrated that PMA caused an immediate increase of AA release followed by a 
subsequent enhancement of PGE 2 production in monocytes and myocytes. 

The effect of PMA on the activation of cPLA^ has been well-documented. PMA 
mediates its effect at both the transcriptional and post-translational levels (19—22). 
It is clear that the increase in cPLAt level observed in this study was stimulated at 
the protein level. The increase in enzyme level does not seem to account for the 
increase in AA release after PMA treatment. Hence, PMA might modulate CPLA 2 
at the post-translational level. We have shown in an earlier study that PMA causes 
the activation of CPLA 2 , possibly via the indirect action of protein kinase C (16). 
Although protein kinase C has the ability to phosphorylate CPLA 2 in vitro, CPLA 2 
is not activated by the phosphorylation process. In addition, protein kinase C does 
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not have the ability to directly phosphorylate CPLA 2 under in vivo conditions 
(22,23). An alternate mechanism is that protein kinase C causes the activation of 
the p42/p44 MAPK cascade, which may result in the phosphorylation of CPLA 2 . 

In this study, the relationship between the up-regulation of COX and produc- 
tion of eicosanoid has been amply demonstrated. PMA elicited an immediate 
increase in AA release in both U937 and H9c2 cells, but the increase did not result 
in a comparable PGE 2 production in the first 24 h. The enhancement of PGE 2 pro- 
duction appears to result from the elevated levels of COX-1 and COX-2 in both 
cell types under sustained stimulation of PMA. 

There are two isoforms of cyclooxygenase, COX-1 and COX-2, which are coded 
by separate and distinct genes (11,12). COX-1 has been shown to be constitutively 
expressed in most tissues (24). COX-2 is an inducible enzyme, which is subjected 
to transcriptional regulation (25). It is clear from this study that the effect of PMA 
was more pronounced with COX-2 than COX- 1. The fact that the temporal change 
in COX-2 level corresponded closely with the change in PGE 2 release in both cell 
types is indicative of the importance of COX-2 in the production of prostanoids 
under external stimuli. 

The increase in COX-2 expression by PMA treatment was caused by an enhance- 
ment at the transcriptional level. Since PMA has been shown to cause the trans- 
formation of the premoncytic cells into monocytic cells, the increase in COX-2 
expression in the U937 cells might be a consequence of cellular transformation. 
Alternatively, an increase in COX-2 expression was also observed in H9c2 cells, 
indicating that the enhancement of transcription might be independent of the trans- 
formation process. 

In summary, our study clearly shows that PMA caused an increase in arachido- 
nate release and the subsequent production of PGE 2 in both U937 and H9c2 cells. 
The action of PMA is mediated via the modulation of CPLA 2 and COX-2 expres- 
sion in both cell types. Our results confirm the important roles of these two 
enzymes in the regulation of the arachidonate-eicosanoid cascade in both mono- 
cytes and cardiac myocytes. 
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Summary. The endothelium is a source of many substances that play important roles in the 
short- and long-term regulation of the cardiovascular system. In this review we focus on 
endothelium-derived hyperpolarizing factor, or EDHE EDHF is often referred to as the “third 
pathway” as, in addition to nitric oxide (NO) and prostacyclin (PGE) EDHF seems to play 
an important role as the “third” endothelium-derived relaxing factor. Considerable debate is 
on going concerning the nature of EDHF and, indeed, whether a unique molecule even 
exists. EDHF, by definition, mediates its action by directly, or indirectly, opening K-channels. 
In most instances the action of EDHF is abolished by the combination of two K-channel 
toxins, apamin and charybdotoxin; however, the channels that these inhibitors interact 
with would seem to be located on endothelial rather than vascular smooth muscle cells. 
The cellular mechanisms whereby EDHF mediates vascular smooth muscle hyperpolarization 
may involve myo-endothelial gap junctions thus negating the role for a true chemical 
mediator. Endothelial dysfunction is a common feature of cardiovascular disease, including 
the cardiovascular dysfunction associated with diabetes, and the role that changes in the 
nature/function of EDHF play in this process is currently an area of considerable interest. 
Therapeutic and dietary interventions that restore endothelial function may prove to be 
of tremendous benefit in the treatment of cardiovascular disease. 

Key words: endothelium-derived relaxing factors, endothelium-derived hyperpolarizing 
factors, nitric oxide, potassium channels, diabetes. 
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INTRODUCTION 

The endothelium plays an essential role in both the short-term and long-term 
regulation of vascular function and, over the last few years, the increasing knowl- 
edge of the endothelium has highlighted its integral role in a number of patho- 
physiological states including cardiovascular diseases, cancer and inflammatory 
diseases. Vascular endothelial cells regulate arterial blood flow and blood pressure by 
releasing various vasoactive substances and notably prostacylin (1), endothelium- 
derived relaxing factor, now known to be nitric oxide or NO (2,3). Endothelial 
cells are not only the source of a number of factors that acutely regulate blood flow 
as well as angiogenic growth factors, but they are also pivotally involved in the 
recruitment and adhesion of leukocytes and platelets, and they express adhesion mol- 
ecules and growth factors. In this chapter we discuss the evidence supporting the 
existence of another family of vasoactive substances — the endothelium-derived 
hyperpolarizing factors, or EDHF, and recent advances made in the understanding 
of the possible identity^ of EDHFs.The chemical nature and physiological and patho- 
physiological significance of EDHF is currently an area of intense investigation and 
the endothelium, and EDHF, is a potential target in a variety of diseases and also 
are targets for new therapeutic approaches to treat these diseases (4). 

Endothelium-derived hyperpolarizing factor is defined as the non-nitric oxide 
and non-prostanoid and endothelium-derived factor that is assumed to be released 
by either mechanical activation, such as shear stress, or chemical activation, via, for 
instance, acetylcholine, and mediates vascular smooth muscle relaxation in associa- 
tion with hyperpolarization of the smooth muscle cell (see (4—7)). 



NATURE OF EDHF 

There are a number of candidate molecules that, to varying extents, fulfill some of 
the criteria that would be expected of an EDHF and some key aspects are sum- 
marized below and also in Figure 1. 

NO, PGL can hyperpolarize smooth muscle although this does appear to be 
highly tissue dependent and, in the case of NO, also linked to the presence of medi- 
ators of active tone. Thus, Bolotina et al., 1994 (8) and Mistry and Garland (9) have 
reported that NO directly, via a soluble guanylyl cyclase (sGC)-independent mech- 
anism, stimulates charybdotoxin-sensitive channels in the rabbit aorta and rat 
small mesenteric arteries respectively. NO activates channels in rat mesenteric 
arteries (10) and, by a process dependent on passive stretch, in guinea-pig coronary 
arteries (11), an apamin-sensitive channel (12) and BK( ., in rabbit middle cere- 
bral arteries (13). 

Epoxyeicosatricnoic acids, EETs, generated via an epoxwgenase from arachidonic 
acid, are attractive candidates for EDHFs in a number of vascular beds, notably in 
the coronary vascular bed (14,15). Cytochrome P450 (GYP) enzymes can metab- 
olize arachidonic acid to vasoactive substances and the GYP 2J2 isoform, that is 
expressed in both human endothelial and vascular smooth muscle, can generate 
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Figure 1. A single endothelial cell is depicted overlying two vascular smooth muscle cells. 

Endothelial cells can be activated by both chemical (i.e. acetylcholine and bradykinin which both 
activate cell signalling events via G-protein coupled receptors) and mechanical (shear stress) activation. 
G-protein coupled receptor activation can lead to the activation of a number of endothelial cell path- 
ways that include: 

a/ Phospholipase Ao (PLAi) to release arachidonic acid that: 

i/ via cyclooxygenase (COX), can produce prostacyclin (PGT) that, in turn, activates adenylate 
cyclase (AC) in smooth muscle cells and raises cyclic AMP (cAMP) levels thus leading to vascular 
smooth muscle relaxation. 

ii/ via epoxygenase, can produce epoxyeicosatrienoic acids (EETs) which can hyperpolarize vascular 
smooth muscle by activating large conductance calcium-activated K-channels (BKc:a). 

iii/ via transacylase to produce anandamide that can activate cannabinoid 1 (CB,) receptors and also 
lead to vascular smooth muscle relaxation. 

B/ Phospholipase C (PEC) to produce inositol trisphosphate that can release intracellular Ca""^ from 
sarcoplasmic reticulum (SR) which in turn activates nitric oxide synthase (NOS) to produce nitric 
oxide (NO) and, in situations of low substrate (L-arginine) availability, also hydrogen peroxide (H2O2). 
H2O2 may hyperpolarize vascular smooth muscle by activating large conductance calcium-activated K- 
channels (BKca). 

NO activates vascular smooth muscle soluble guanylyl cyclase (sGC) to produce cyclic GMP 
(cGMP) and may also activate K-channels directly or indirectly via cGMP and G-kinase (not shown). 

Small conductance calcium-activated and intermediate calcium-activated K-channels (SKca and IKca 
respectively) associated with endothelial cells are activated by the increase in endothelial cell calcium 
and this will lead to the efflux of K"^ from the cell. 

An increase in K"^ in the milieu between endothelial and vascular smooth muscle cells may activate 
Na,K-ATPase as well as inward rectifier K-channels (Kn<.) leading to the hyperpolarization of smooth 
muscle. 

Gap junctions made up of connexins may also provide both electrical and chemical coupling 
between endothelial cells and vascular smooth muscle cells as well as between endothelial and 
endothelial cells. 
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EETs and an accumulation of evidence suggests that, at the very least, these prod- 
ucts have important physiological and pathophysiological effects in the cardiovascu- 
lar system (15). Furthermore, EETs may not only play a role in the regulation of 
vascular tone and homeostasis, but also possess anti-atherogenic activity that may be 
comparable to that of NO (16). 

Isoprostafies are generated from polyunsaturated fatty acids, such as arachidonic 
acid, by PLA 2 under circumstances when oxygen free radicals are elevated. Iso- 
prostanes may serve as both endothelium-derived contracting factors (EDCFs), as 
thromboxanes are powerful constrictors, as well as EDFlFs, as, for instance, 8-iso 
PGE 2 is a vasodilator. EDHF-mediated responses have been reported to be sensi- 
tive to PLA 2 inhibitors and Janssen (17) has advanced the hypothesis that isoprostanes 
may be candidate molecules for EDFiF. 

Anandamide, an endogenous cannabinoid, is another arachidonic acid product via 
a transacylase and also has been advanced as a possible EDHF in some vascular beds 
(18). However, the current view is that anandamide may be an important regula- 
tor of vascular tone, but is unlikely to be an EDHF (see review (7)). 

Carbon monoxide, like NO, can also activate sGC and is also synthesized in 
endothelial and vascular smooth muscle cells by haeme oxygenase 2 (19), however, 
it is considerably less potent than NO (as an activator of sGC) and seems unlikely 
that it fulfills the role of being an EDHF (5). 

Hydrogen peroxide, H 2 O 2 , may be produced in the endothelium from superoxide 
anions via superoxide dismutase. H 2 O 2 activates Ca"^-activated K-channels inVSMC 
(20-21), endothelial cells (22) and also relaxes and hyperpolarizes endothelium- 
denuded porcine coronary arteries (23) and thus H 2 O 2 fulfills some of the criteria 
expected of an EDHF (23). 

In situations where the eNOS substrate, L-arginine, or cofactor, tetrahydro- 
biopterin, has been depleted, for instance, in disease states where there is high oxida- 
tive stress, eNOS can generate superoxide anions (24) as can GYP and NAPH. 

Matoba et al.,2()00 (25) studied ACh-mediated relaxation of small mesenteric arter- 
ies from eNOS -/- mice and demonstrated that catalase, an enzyme that dismutates 
H 2 O 2 to water and ox\^gen, inhibited EDHF-mediated hyperpolarization and relax- 
ation. Catalase has, however, been shown to inhibit COX-dependent 8-iso prostag- 
landin F 2 a (26), thus suggesting that H 2 O 2 may not be the final mediator of EDH. 

Potassium ion as an EDHF was first suggested by Edwards et al. (1998) and they 
reported that in the rat hepatic artery an ACh-mediated an increase in (from 
4.6 to 11.6mM), as measured with a K^-sensitive microelectrode (27). They also 
recorded membrane potential with sharp glass microelectrodes and illustrated that 
ACh can hyperpolanze both vascular and endothelial cells with endothelial cell 
hyperpolarization inhibited by a combination of apamm and charybdotoxin and 
vascular hyperpolarization by a combination of ouabain and barium (30 pM). Thus, 
the hypothesis was advanced that it is the apamin-sensitive small conductance 
calcium-activated channels (SK^) and, the charybdotoxin-sensitive intermediate 

conductance calcium-activated channels (IKcJ on endothelial cells that regulate 
EDHF release and the ouabain-sensitive Na^, K^-ATPase and inward rectifying 




The Endothelium and Vascular Function 345 



channel (KjJ on the vascular smooth muscle that mediate the vascular actions of 
EDHE An increase in extracellular activates Na^, K^-ATPase and also opens 
on VSMCs. An increase in K'^o by 5mM mimicked the effects of ACh, and com- 
parable data was reported for the rat mesenteric artery preparation. Although the 
data from Edwards et al. (1998) provided very strong support that small changes in 
extracellular potassium, which were already known to cause vascular smooth muscle 
relaxation, may represent the putative EDHF the conclusion that EDHF is K^, 
exiting from endothelial cells following the ACh-mediated opening of 
pamin/charybdotoxin-sensitive channels, has not been universally accepted (for 
instance see (6)). 

That may be an EDHF is an attractive hypothesis that would place potassium 
ions along side NO as a cell-signalling mediator that likely evolved as an early reg- 
ulator of vascular function (see also (28)). Because of the similarity of K^-induced 
vasodilatation to that mediated by EDHF in other vessels it was concluded that K'^ 
might be a universal EDHF (27); however, this now seems unlikely. 

Myoendothelial gap junctions can, via intercellular channels, provide a pathway for 
the passage of small water-soluble molecules (<1000 Da), including cAMP, cGMP, 
inositol trisphosphate as well as inorganic ions, including Ca“^, but not proteins, to 
pass between adjacent connecting cells. Myoendothelial gap junctions are established 
by the docking of the two connexon hemichannels supplied by the endothelial and 
smooth muscle cells. Thirteen rodent connexins have been identified to date (see 
review (29)) and connexin 43 has been reported to be the dominant gap junction 
protein present in both VSMC and EC (30—31). Van Kempen and Jongsma used 
immunohistochemical techniques to study the distribution of connexins 37, 40 and 
43 in bovine, micropig and rat aorta and coronary vessels and concluded that con- 
nexin 40 is the constitutive connexin that was found between VSMC and EC with 
connexin 43 only between VSMC and connexin 37 between EC; connexin 45 has 
also been located in smooth muscle (32). The co-localization of connexin 40 and 
43 has also been reported in both EC and VSMC (33) and the conductance prop- 
erties of the heterocellular gap junction channel differ for connexons formed from 
connexins 40 and 43 (34). Since expression of these connexins varies between 
vascular beds there is clearly the potential for specialization of function within the 
circulation and it is thus possible that, rather than multiple chemical EDHFs, EDH 
may be explained by the heterogeneity in the distribution of the connexins that 
make up the myoendothelial gap junctions. 

ENDOTHELIUM DYSFUNCTION 

Despite the fact that vascular complications are the leading causes of mortality in 
type I and type II diabetes there is a paucity of data specifically on the pathogen- 
esis, prevention and the treatment of the vascular complications in diabetes. This is 
clearly illustrated by the finding that type II diabetic patients suffer from a mortal- 
ity rate 3-4 times that of the general population (35). Thus a better understanding 
of the role played by the endothelium in contributing to the progression of the 
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cardiovascular complications of diabetes should lead to a decrease in both the mor- 
bidity and mortality associated with this disease. 

NO is a key endothelium-derived factor that regulates cardiovascular function by 
promoting vasodilatation, inhibiting platelet aggregation, white blood cell adhesion 
and smooth muscle cell proliferation (36). Endothelial dysfunction is defined as an 
impaired endothelium-dependent relaxation (for instance, to acetylcholine) resulting 
from a reduction in the bioavailability/bioactivit\^ of NO in the vessel wall (37). A 
dysfunctional endothelium contributes to several pathological conditions, including 
altered anticoagulant and anti-inflammatory properties of the endothelium, impaired 
modulation of vascular growth, and dysregulation of vascular remodeling. It 
is of interest that the EET family, as potential EDHFs, also possess, in addition to 
their actions as direct modulators of vascular tone, anti-inflammatory actions (16), 
anti-migratory actions on SMCs (38), and a protective role against hypoxia- 
reoxygenation injury in SMCs (39). In addition, epox^^eicosatrienoic acid-mediated 
renal vasodilation to arachidonic acid is enhanced in spontaneously hypertensive 
rats (40) suggesting that EET synthesis may be up-regulated in partial compensa- 
tion for the elevated blood pressure. EETs are thus not simply vasodilator substances. 

Studies with the db/db -/- mouse, a mouse model of type II diabetes which has 
a defective leptin receptor and exhibits hyperglycemia, hyperinsulinemia, insulin 
resistance and obesitv; have demonstrated endothelial dysfunction that is character- 
ized by a reduced vascular relaxation-response to acetylcholine (41). Of interest was 
that the same study also reported that the endothelial dysfunction was corrected by 
the acute administration of the co-factor for nitric oxide synthase, tetrahydro- 
biopterin, and also improved by the cell permeable polyethylene analogue of super- 
oxide dismutase, PEG-SOD. 

CONCLUSIONS 

The endothelium plays an important role in maintaining a healthy circulation. 
Reductions in the bio-availabilty' of NO may be the basis of the endothelial dys- 
function that is characteristically observ’ed at the early stages of cardiovascular disease. 
The contribution of EDHF in the maintenance of cardiovascular function in 
situations when NO production/bioavailability is an important area for further 
investigation. 
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Summary, Cytokinesis plays important roles in smooth muscle cell hyperplasia and hyper- 
trophy Since in proliferating cells the contractile machinery is of the non-muscle type we 
tested the hypothesis that one of the regulatory enzymes for cytokinesis, the 210 kDa mole- 
cular mass non-muscle type myosin light chain kinase (nmMLCK-210), is present at the cell’s 
contraction ring. Immunocytochemistry showed the presence of the enzyme in the inter- 
phase nucleus and suggested it may be a transcription factor; however cis-platin cross-linking 
studies of DNA to the enzyme did not substantiate this. At anaphase the enzyme migrated 
to the contraction ring zone of the dividing cell where we had demonstrated the presence 
of non-muscle myosin heavy chain, a-sm-actin and a-tubulin. Thus a complete contractile 
machinery existed at this site. As cytokinesis proceeds a mid-body structure develops which 
is made of a centromeric protein, CENP-F, that is initially bound to the kinetochore, but 
dissociates from it and migrates to the midbody or telophase disc zone. It is involved in the 
final stage of cytokinesis. We have obtained preliminary evidence to show that CENP-F is 
localized to the nucleus in smooth muscle. We conclude that the location of non-muscle 
myosin light chain kinase at the contraction ring suggests it plays a role in cytokinesis. 

Key words: cytokinesis, non-muscle myosin light chain kinase, smooth muscle myosin light 
chain, contraction ring. 

INTRODUCTION 

A discussion of smooth muscle cytokinesis might seem out of place in a book 
devoted to “Signal Transduction and Cardiac Fiypertrophy” but is perhaps justified, 
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if one can stretch a point, by the realization that muscle cell hypertrophy can result 
from delayed cytokinesis. Furthermore since it is such a highly conserved process 
in the cell cycle it is likely that what one learns from its study in the airway smooth 
muscle cell (ASMC) could be used to elucidate the pathogenesis of myocardial cell 
hypertrophy. Certainly what we have observed in regulation ot ASMC we have also 
seen in the saphenous venous smooth muscle cell and in breast cancer cells (unpub- 
lished observation). 

Cytokinesis is the final process in cell division that immediately follows upon 
karyokinesis. It is of brief duration, occupying about 1 hour in a 29 hour cycle in 
proliferating canine AMSCs. Its function is to bring about equal partitioning of 
cytoplasmic contents between daughter cells. It has to be very tightly regulated to 
ensure this, so both spatial and temporal requirements must be met (1—5). 

Cytokinesis has been described as being comprised ot anywhere from 4 to 5 
phases (4). These are: 1). Specification of the cleavage furrow site which occur in 
early anaphase. This requires the actions of astral spindles (microtubules) and actin 
filaments (microfilaments). The role of polar spindles has not been determined but 
in cultured cells they may specify the position of the contraction furrow which is 
the ingressing structure dev^eloping at the contraction ring (CR). The ring itself is 
made up of actin filaments which are synthesized under the control of Rho-kinase. 
2). Assembly of the contractile ring. Myosin II assembly develops adjacent to the 
actin filaments; the two constitute the contractile machinery needed for cytokine- 
sis. A number of regulatory proteins are also found in this location. Whether myosin 
is obligatory has been disputed on the basis of data emanating from Dictyostelium 
cells (6). It was shown that Dicty^ostelium cells were capable of dividing despite the 
absence of myosin. The ability' of such cells to divide was said to be due to 
“traction-mediated fission” of the myocyte in which different parts of the cell pull 
in different directions because of adhesive forces between the cell and the extracel- 
lular matrix. It thus appears that cytokinesis can occur via one mechanism, that is 
myosin-dependent and another which is based on cell adhesion. 3). Actomyosin 
contraction leads to development of a cleavage furrow. 4). The fourth stage involves 
development of membrane fusion to physically separate the 2 daughter cells. 5). The 
fifth stage is the development of a three-dimensional disc which encompasses the 
entire midzone and whose distribution survives disassembly of interpolar micro- 
tubules. The disc has been called the telophase disc (7). As shown by immunocy- 
tochemistry, the disc appears to contain myosin but not actin. The myosin in the 
disc likely interacts with actin in the cell cortex to bring about cytokinesis. 

We now consider the proteins that regulate cytokinesis: 

1. Small G proteins, their modulators and target molecules 

The G proteins regulate the synthesis of the actin network which develops at the 
contraction ring. Chief among these are Rho GTPases which exist in an active 
GTP-bound form and an inactive GDP bound form; the two provide a switching 
mechanism. These bound nucleotides are regulated by GTPase-activating proteins 
(GAPs) (8), GDP dissociation inhibitors (GDs) and exchange factors (GEFs) (9). The 
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importance of Rho is shown by the observation that clostridium botulinus C3 trans- 
ferase, a potent Rho inhibitor, prevents cleavage furrow formation (10). 

There is a wide array of Rho downstream targets such as PI -3 kinase, PLD, phos- 
phatidyl 4-phosphate 5-kinase, PKN, rhophilin, rhotekin, multiple tyrosine kinases 
and the Rho-associated coiled-coil protein kinases ROCK-1 and ROCK-II (11). 
Another question is what targets Rho to the contraction ring. The answer is that 
a mammalian Rho homologue, Rho 1, localizes to clustered cortical actin patches 
and is involved in the translocation of Rho to the cleavage furrows (12). 

Very recently a new enzyme, citron kinase which is a splice variant of Rho and 
contains PDZ (PSD-95, discs large, ZOl) and SH3 binding domains at its C ter- 
minus, and a zinc finger and a Rho-binding sequence within the C-terminal half 
of the molecule colocalizes with Rho to the cleavage furrow (13). It appeared in 
distinct spots associated with tubulin bundles at the midbody when transfected with 
Hela cells. It is interesting also that citron kinase mutants with C-terminal trunca- 
tions were capable of delaying cytokinesis and of producing multinucleated cells. 

We have recently observed the presence of nonmuscle myosin light chain kinase 
(MLCK-210) at the contraction ring where it may be serving to phosphorylate the 
20 kDa myosin light chain (MLC20) of myosin heavy chain (MHC) and bring about 
furrow ingression and cytokinesis (14). 

To bring about actin assembly not only is Rho needed but so also is CDC 42. 
How it regulates cytokinesis is still not known but the action of a CDC 42 down- 
stream effector molecular (p21 -activated kinases — PAKS) that contains sequences 
known as formin homology regions or FH domains (15) may be responsible. 

2. MLC 20 phosphorylation and cytokinesis 

Actomyosin is not only important as a structural component of the contractile ring 
but is also responsible for the force and shortening needed to produce furrow ingres- 
sion in the so-called “purse-string model” of cytokinesis. 

Myosin appears at the cleavage furrow shortly after the appearance of actin 
filaments. 

The orientation of actin is not only as per the “purse string” model i.e. it is not 
only a simple equatorial band at the furrow. Many filaments are aligned perpen- 
dicular to the equatorial filaments. This has led to the development of the so-called 
“isotropic contraction” model which states that the less-ordered equatorial network 
of actin and myosin would produce contraction forces spreading out in diverse ori- 
entations (1,16). The purse-string model, on the other hand, would produce forces 
perpendicular to the long axis of the dividing cell. 

The role of MLC20 is key to contraction; phosphorylation of certain residues 
is a sine qua non. The phosphorylation is brought about by myosin light chain 
kinase (MLCK) which phosphorylates serine- 19 and threonine-18. The contri- 
bution of the latter is about 25% of the total. The regulatory role of MLC20 
phosphorylation is controversial. In Dictyostelium it is said not to be required (6) 
but in Drosophila (17) is required. The MLCK is of the non-muscle variety 
(nmMLCK). 
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Quite apart from MLC20 phosphorylation at serine- 19 and threonine- 18, phos- 
phorylation of the carboxyl terminus (the tail) is also important. Impairment of this 
process leads to myosin filaments that cannot assemble or that disassemble poorly. 
Such filaments fail to bring about cytokinesis. The localization of phosphorylated 
MLC20 has been seen in the midzone of the cell in anaphase (18). 

Another interesting observation is that Cdc2 kinase phosphorylation of MLC20 
acts as a regulator and prevents premature cytokinesis. 

3. The role of intracellular Ca^^ 

Since actin and myosin filaments are present at the contraction ring, their activa- 
tion must require Ca"^. In support of this a transient increase in [Ca"^]i has been 
reported during anaphase which regulates cytokinesis (19). The Ca“^ changes are 
driven by cyclic changes in IP3 levels. Several genes may be involved in this process. 
These include those encoding phosphotidyl 4-kinase, Protein kinase C, GTP- 
binding proteins (12) and protein containing a Src homology region which has 3 
domains (20). Mutations in genes controlling proteins that regulate cytoskeleton 
function (21) and phosphatase activity (22) affect cytokinesis. 

4. The role of protein phosphorylation 

Since a fairly complete contractile machinery is present at the contraction furrow 
and in many ways resembles that of smooth muscle and other non-muscle con- 
tractile systems, it seems reasonable to expect that regulation is brought about by 
phosphorylation at Ser 19 and Thr 18 residues in MLC20, by myosin light chain 
kinase. However no consensus exists regarding the precise role of phosphorylation. 
In Dictyostelium MLC20 phosphorylation is not needed for contraction (6) at the 
furrow, but in germ line cells of Drosophila it was required (17). 

Another fact, recently recognized is that regulation of the assembly state of myosin 
via phosphorylation of residues in the carboxy terminus, is also important for cytoki- 
nesis (23). 

Work published by Satterwhite et al. (24) indicated that p34^ " phosphorylation 

of MLC 20 at Ser-1 and Ser-2 could inhibit myosin activity and consequently 
myosin-dependent contraction of the cleavage furrow. Subsequent dephosphoryla- 
tion by phosphatases followed by phosphorylation at serine- 19 and threonin 18 
would allow for activation of actomyosin ATPase and cytokinesis. 

The kinase activity of purified p34'"^'" kinase is low and perhaps other kinases are 
involved for full phosphorylation e.g. protein kinase C and citron kinase. 

This review provides a framework for discussion of our own work on airway 
smooth muscle cell cytokinesis. 

Using immunocytochemistry and confocal microscopy we have noted that 
during interphase of proliferating canine airway smooth muscle cells (ASMC) non- 
muscle myosin light chain kinase (nmMLCK-210) is present in the nucleus. See 
Figure 1. Cross-linking studies with cis-platin and Western blotting showed no 
binding of the enzyme to genomic DNA and suggest nmMLCK-210 is not involved 
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Figure 1. Cultured proliferating tracheal smooth muscle cells at 75% confluence. Immunohistochem- 
istry was carried out using primary antibody against nonmuscle myosin light chain kinase of 210 mol- 
ecular mass (nmMLCK-210). The secondary antibody was conjugated with Cy3. Cells which are in 
interphase show intranuclear localization of nmMLCK-210. 

in gene transcription. At telophase the enzyme appeared in the cytoplasm at the 
contraction ring and disappeared from the nucleus. See Figure 2. Smooth muscle 
a-actin and myosin heavy chain were also demonstrated by Western blots, at the 
contraction ring. Thus most of the proteins required for contraction are assembled 
at the contraction ring and are sufficient for cytokinesis. Figure 3 shows a cell in 
cytokinesis phase. Two daughter nuclei are seen. The picture is an immunocyto- 
chemical one stained for nmMLCK-210 and shows there is no enzyme in the nuclei 
and that most of it is in the cytoplasm in the region of the contraction ring pre- 
sumably biding its time to regulate cytokinesis. 

As far as we know, this is the first report of the presence of nmMLCK-210 at 
the contraction ring of the dividing airway smooth muscle cell. 
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Figure 2. Tracheal smooth muscle cells which have been arrested (withdrawal of 10% FBS from the 
medium) for 7 days. The preparation has been treated in the same way as cells in Figure 1 . While 
MLCK is present in the cytoplasm almost none is seen in the dividing nucleus. 



One other unique structure develops in the final stages of cytokinesis. This is the 
so-called mid-body structure (25) also termed the telophase disc. It is made up of 
centromeric protein F (CENP-F) which develops at the kinetochore that overlies 
the centromeric gene of the chromosome (25). By late telophase it transfers to the 
midbody zone where it takes part in the completion of cytokinesis. Using auto- 
immune serum (26) obtained from rheumatoid arthritis patients and which contains 
CENP-F antibodies we demonstrated binding to an antigen located in the daugh- 
ter nuclei presumably at the chromosomes. See Figure 4. Migration of CENP-F to 
the very middle of the mid-body structure, as reported by others, has not been seen, 
thus far, by us. 

The function of the telophase disc has not yet been established, but its position 
at the midbody and the presence of myosin in it suggests that cytokinesis may 
involve the interaction of the disc organelle with actin in the cell cortex to com- 
plete cytokinesis in mammalian cells. 

5. Microtubule and microfilament interaction during cytokinesis 

From what has been already stated above it is clear that temporal and spatial inter- 
action between the two must be occurring. The microtubules (astral spindles) are 
involved in specification of the contraction ring site which microfilaments develop 
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Figure 3. A single tracheal smooth muscle cell is seen in cytokinesis. Immunocytocheniistry was 
carried out for nmMLCK-210 as in Figure 1. The daughter nuclei are “empty” and the enzyme is 
seen at the contraction ring and at peripheral focal adhesions. 



adjacent to this site and are responsible for furrow ingression (27-29). Experimen- 
tally nocodazole treatment to reduce the number of midzone microtubules leads to 
inhibition of cytokinesis. Several lines of investigation suggest that, in Dictyostelium 
microtubules are important, at least for starting furrow ingress but whether they are 
needed for further evolution of the furrow is not clear (30,31). 

The ability of astral microtubules to specify development of the contraction 
furrow seems to depend upon distance such that there is a critical location at which 
the ring forms (32). 

The development of multi-nucleate smooth muscle cells has evoked interest, for 
example, in vascular smooth muscle cells from hypertensive animals. We ourselves 
have seen development of a new supercontractile airway smooth muscle cell which 
is multi-nucleated (unpublished observations). Such multi-nucleation has been 




Figure 4. Immunocytochemistry microphotograph of a single tracheal smooth muscle cell at 
telophase/cytokinesis stained with Cy3 to show a-tubulin, and with FITC to show CENP-F; the 
latter was visualized with auto-immune serum. 



reported in Carenorhahiditis dedans embryos where null mutants for a ZEN-4 protein 
(a motor protein) result in multi-nucleation (33). 

In addition to the role of astral spindles in specifying the site-determination 
of the contraction ring it seems that the central spindle may be important in 
cytokinesis. 

CYTOKINESIS IN PROLIFERATING AIRWAY SMOOTH MUSCLE CELLS 

Cytokinesis, which is undoubtedly the most dramatic morphological event in the 
cell cycle, plays a role in airway smooth muscle cell (ASMC) hyperplasia by allow- 
ing cell division to proceed and, in hypertrophy, by delaying it. It has been inves- 
tigated in a variety of cells by several workers (34,35). In view of the recent, 
considerable interest in cellular hyperplasia and hypertrophy in chronic asthma 
(36—43) its consideration is important. We describe some of the proteins involved 
in cytokinesis and demonstrate that non muscle myosin light chain kinase of mol- 
ecular mass 210 kDa (nmMLCK-210) is present at the dividing cell’s contraction 
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ring along with other components of the contractile machinery, suggesting it plays 
an important part in cytokinesis. The rationale is that karyokinesis and cytokinesis 
occur in proliferating cells in which the mature, differentiated smooth muscle type 
of contractile and regulatory proteins change from contractile to non-contractile 
types. Thus smooth muscle type myosin heavy chain isoforms (SM-1, SM-2) are 
replaced by those of non-muscle type (nmMHC-A, nmMHC-B) and so it is likely 
that smMLCK-108 will be replaced by nmMLCK-210. For cytokinesis it is likely 
that for furrow ingress nmMLCK-210 must be the enzyme responsible. 

Citron kinase (13) has also been described in the contraction ring zone of the 
dividing cell and is said to be responsible for phosphorylation of MLC20 also. Thus 
two phosphorylating enzymes, at least, have been shown to be present at the con- 
traction ring. Activation by Ca^"^ and calmodulin leads to phosphorylation of 
MLC20 which activates actomysin ATPase and initiates cross-bridge cycling (1). Just 
what are the amino acid residues that are phosphorylated has not yet been identi- 
fied. For activation of MLC20, phosphorylation of serine- 19 and threonine- 18 is 
required (44). Phosphorylation of serine- 1 and 2 and threonine-9 inhibits the 
ATPase (45). 

Using immunocytochemistry and confocal microscopy we have noted that during 
interphase of proliferating ASMC, nmMLCK-210 is present in the nucleus. See 
Figure 1 and Figure 2. Cross-linking studies with cis-platin and Western blotting 
showed no binding of the enzyme to genomic DNA which suggests that 
nmMLCK-210 is not a transcription factor. 

With progress to the telophase stage the enzyme appeared in the cytoplasm at 
the contraction ring (See Figure 3) and disappeared from the nucleus. It is possible 
that migration from the nucleus to the contraction ring indicates activation of the 
enzyme. 

One other unique structure develops in the final stages of cytokinesis. This is the 
mid-body structure (7), a 3-dimensional body situated at the middle of the con- 
traction ring; it is also knows as the telophase disc. It is made up of centromeric 
protein-F (CENP-F) which develops at the kinetochore that overlies the cen- 
tromeric gene of the chromosome (25). By late telophase it transfers to the mid- 
body zone where it participates in the completion of cytokinesis. Using 
auto-immune serum (26) obtained from rheumatoid arthritis patients and CENP- 
F antibodies kindly provided by Dr. J B Rattner of the University of Alberta, at 
Calgary, we demonstrated binding of both antibodies to an antigen located at the 
chromosome. Migration of CENP-F to the very middle of the telophase disc as 
reported by others (25) has not been seen by us thus far. 

In addition to localizing nmMLCK-210 immunoreactivity at the contraction ring 
we also located it at the periphery of prospective daughter cells where it was at the 
regions of focal adhesions. See Figure 4. 

CONCLUSION 

While considerable information exists relating to cytokinesis in a variety of differ- 
ent cell lines nothing, thus far, has been reported for airway smooth muscle. In view 
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of the fact that hypertrophy of this cell likely plays an important role in the nar- 
rowing of airways, and that is a hallmark of chronic asthma, this is surprising. 

We believe that our report of the presence of non-muscle myosin light chain 
kiase in the nucleus during interphase and its translocation to the contraction ring 
in telophase/cytokinesis — and presumably its activation — is the first in the field for 
any cell type. We feel it is probably the most important enzyme participating in 
activating the contractile machinery at the contraction and thus regulating the final 
phase of cell division. 

The presence of Rho kinase and its activation is probably not directly involved 
in contraction. It’s most likely function is in actin filamentogenesis at the contrac- 
tion ring. Citron kinase has been reported at the contraction ring and very likely 
regulates furrow ingression. Just how it interacts with nonmuscle myosin light chain 
kinase to turn on the contractile machinery is unknown. Experiments in which the 
kinases are blocked and the effects on cytokinesis studied, need to be conducted. 
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Summary. Post-translational modification of proteins with ADP-ribose alters their physical 
and functional characteristics. The relationship between ADP-ribosylation and several 
bacterial toxins (e.g. cholera toxin, pertussis toxin, diphtheria toxin) is well established. In 
contrast, the function of the endogenous ADP-ribosyl transferase enzyme is poorly under- 
stood. The latter statement also applies to poly(ADP-ribose) polymerase, although PARP has 
become familiar due to its association with apoptosis. This article summarizes the enzymol- 
ogy of ADP-ribosylation, reviews the various cellular processes in which it may participate 
and examines the possible functions of ADP-ribosylation in cardiovascular tissues. Poly(ADP- 
ribosyl)ation, which has been linked to ischemia-reperfusion injury, is known to participate 
in DNA repair. In contrast, mono (ADP-ribosyl) ation is best known for modulating G protein 
function. In the cardiovascular system, mono(ADP-ribosyl)ation may exert effects by modi- 
fying growth factors or by transducing the intracellular effects of nitric oxide. Alternatively, 
mono (ADP-ribosyl) ation could influence cell migration by modifying cytoskeletal proteins. 
By also examining the role of ADP-ribosylation in other systems, considerable insight into 
the possible contributions of ADP-ribosylation to cardiovascular function can be extrapolated 
to both normal and pathological conditions. 

Key words: ADP-ribosylation, PARP, ADP-ribosyl transferase, cardiac, vascular. 

OVERVIEW 

ADP-ribosylation is a post-translational modification of proteins that involves the 
transfer of an ADP-ribose moiety from NAD^ to an acceptor amino acid. ADP- 
ribosylation reactions can be divided into 2 distinct classes: mono (ADP-ribosyl) ation 
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and poly(ADP-ribosyl)ation. Both arc considered important for a variety of 
cellular functions including cell signaling, cell differentiation, cell growth, cell pro- 
liferation, cell death and DNA repair. However, mono(ADP-ribosyl)ation controls 
enzymatic activity directly while poly(ADP-ribosyl)ation modulates the binding of 
proteins to nucleic acids. 

POLY(ADP-RIBOSYL)ATION 

Poly(ADP-ribosyl)ation is catalyzed by the enzyme poly(ADP-ribose) polymerase 
(PARP, EC 2.4.2.30), which transfers ADP-ribose to nuclear acceptor proteins. This 
reaction is thought to be ubiquitous in eukaryotic cells, with the possible excep- 
tion being yeast. Poly(ADP-ribosyl)ation is associated with a variety of DNA-related 
processes including chromatin condensation, replication, recombination, DNA repair, 
gene expression, cellular differentiation, growth and transformation (1-4) and, 
more recently, the phenomena of apoptosis (5-8). A correlation also exists between 
PARP activity in mononuclear leukocytes of mammals and species-specific life span 
(3,9,10). ADP-ribosylation is a mechanism for the alteration of chromatin structure 
and this property may be the foundation of its effects on several cellular functions 
(11-13). A shuttle mechanism that links the synthesis and degradation (i.e. ADP- 
ribosylation cycle) of poly(ADP-ribose) polymers with changes in PARP activity 
and DNA binding (14) also accounts for the contribution of PARP to various 
nuclear processes (15). Furthermore, the ADP-ribosylation cycle (Figure 1) has 
been described in a variety^ of cell types including lymphocytes (16), endothelial 
cells (17,18), fibroblasts (19), smooth muscle cells (SMCs) (20) and hepatocytes 
(21,22). Degradation of poly (ADP-ribose) polymers is carried out by the enzyme 
poly(ADP-ribose) glycohydrolase (3). The apparently constitutive activation of this 
enzyme accounts for the short half-life of poly(ADP-ribose) polymers within the 
cell nucleus. Poly(ADP-ribose) glycohydrolase has been reviewed elsewhere (3,23) 
and will not be discussed here. 

POLY(ADP-RIBOSE) POLYMERASE (PARP) 

PARP is a nuclear enzyme of MW 113,000 that consists of 1014 amino acids. The 
gene encoding PARP is located on chromosome Iq, the same as that for the proto- 
oncogene trk and for the cytokine TGF-(3 (24). From biochemical and genetic 
studies, three functional domains have been identified: i) an N-terminal 46-kDa 
DNA binding domain that contains two Zn~^ finger structures, a nuclear localiza- 
tion signal and the newly described 24-kDa apoptotic domain (which is generated 
after cleavage of PARP by caspase-3 (25)); ii) a 22-kDa automodification domain, 
and iii) a 54-kDa NAD^ binding domain at the C-terminus (26). Within this 
protein, two functional modules have been identified: the N-terminus, which acts 
as the sensor for DNA nicks, and the C-terminus which synthesizes the poly(ADP- 
ribose) polymers. Within each of these domains, there are strongly conserved regions 
(e.g. Zn~'^ fingers, NAD^ binding domain, DNA binding domain, P-sheet structures, 
Rossman fold structure), and homology of this enzyme is greater than 90% among 
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mammals (with 61% similarity and 43% identity to Drosophila) (26). It is interest- 
ing that PARP is so highly conserved in eucaryotes despite the high energy cost 
associated with the ADP-ribosylation cycle, which points to an important role for 
this enzyme in cellular function. 

MECHANISM OF ACTION 

PARP is a multifunctional enzyme having the capacity to catalyze 3 separate reac- 
tions: i) initiation (1 reaction per acceptor site), ii) elongation (greater than 200 reac- 
tions per site), and iii) branching (5-7 reactions per site) (26-28). Polymers of greater 
than 100 units in length have been detected. Using NAD"^ as a substrate, PARP 
catalyzes a reaction that involves the transfer and subsequent synthesis of ADP-ribose 
polymers, either linear or branched, on nuclear proteins. Furthermore, PARP is a 
catalytic dimer with an intermolecular automodification reaction (29,30). Experi- 
ments utilizing purine-base substituted NAD^ analogs have conclusively demon- 
strated that the presence of an amino group within the purine base at a specific 
position is important for efficient catalysis (31). Furthermore, PARP is dependent 
on the presence of DNA strand breaks for its full enzymatic activity (the fingers 
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serve as sensors (14)), and PARP is an important component of efficient DNA 
excision repair (4,32). 

PARP SUBSTRATES 

Over the years, more than 30 nuclear proteins have been proposed as targets for 
poly(ADP-ribosyl)ation, including histones (HI, H2B) (33—35), DNA polymerase- 
a (36,37), endonucleases (38), topoisomerase I (39,40), DNA ligase II (41), HMG 
proteins (42,43), RNA polymerases (44,45), Fos (46), p53 (47—49) and PARP 
itself (i.e. automodification) (37,50-53). However, whether these proteins are true 
endogenous substrates of PARP should be considered carefully since many of the 
experimental procedures employed for the identification of these acceptor proteins 
involved the use of permeabilized cells and nuclear extracts from cells. These 
procedures in and of themselves would have resulted in cellular, nuclear and DNA 
damage, and thus PARP activation, with the consequence of having artifactually 
induced ADP-ribosylation. 



CELL BIOLOGY 

PARP is a critical regulatory' component of the cellular response to stress, includ- 
ing DNA damage. PARP is expressed constitutively and usually found bound to 
chromatin and requires the presence of DNA nicks or strand breaks (single or double 
stranded) for activation (4). It participates in DNA repair by associating with strand 
breaks, and the subsequent elaboration of poly(ADP-ribose) polymers then signals 
the cell to switch off DNA synthesis temporarily (32). This serves as a mechanism 
to ensure that lesions are not replicated before DNA repair can be completed and 
may indicate that PARP is a survival factor that plays an essential and positive role 
during DNA damage recovery (54). Interestingly, PARP has also been shown to 
play a role in apoptosis or programmed cell death (PCD) (8). The mechanism behind 
this action is postulated to involve a decrease in a cell’s energy pools (i.e. NAD"^) 
upon massive activation of PARP (by DNA damage/strand breaks) (55-58). Since 
the degree of PARP activation is dependent on the amount of DNA damage, this 
may be the signal that determines whether the cell either repairs the damage or, if 
the damage is too great, induces PCD. Activation of the apoptotic program involves 
cleavage of PARP by proteases such as protease resembling ICE (interleukin-p con- 
verting enzyme) (prICE) or caspase-3 (25,59,60) and, ultimately, PARP cleavage may 
represent a critical juncture at which point a cell must decide whether it is able to 
recover or undergo PCD or necrotic cell death. The role of PARP in apoptosis was 
confirmed by observations that 3-aminobenzamide (3AB), an inhibitor of PARP, 
could rescue cells from undergoing PCD (8,19,61,62). Furthermore, PARP has been 
reported to modify p53, a tumour suppressor protein that is associated with activa- 
tion of apoptosis (49,63,64). 

Increased PARP activity has also been found in proliferating cells (37,65) and the 
transcription of PARP has been detected before the onset of DNA synthesis early 
in the cell cycle (66). Moreover, activation of PARP may contribute to regulation 
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of gene activity as has been observed with phosphoenolpyruvate carboxykinase 
(PEPCK) and procollagen gene expression (67-69). PARP may also participate in 
the transcription of ribosomal RNA, although it has no comparable role in ribo- 
somal protein expression (70). Furthermore, PARP has been reported to exist asso- 
ciated with the nuclear matrix in rat testis (71). Interestingly, activation of PARP 
in this system involves both automodification and heteromodification reactions at 
the nuclear matrix level with both histones and nuclear matrix acting as acceptors 
(72). Finally, NF-KB-dependent gene expression may be regulated by PARP 
(73-75), with possible repercussions in the sequelae of both apoptosis and inflam- 
matory processes (76). 

A possible role for PARP in cell proliferation and differentiation has been iden- 
tified through the application of known PARP inhibitors. For example, 3AB inhibits 
phytohemagglutinin-induced lymphocyte proliferation (77), cytokine-dependent 
proliferation of hemopoietic cells (78), and the growth of both smooth muscle and 
hepatic cells in response to mitogen treatment (70,79). In addition, the differentia- 
tion of mononuclear (80) and Friend erytholeukemia (81) is inhibited by 3AB. A 
more direct indication that PARP is essential for cell differentiation has been 
obtained in studies of HL-60 and NB4 cells (82,83) where over-expression of PARP 
was shown to block neutrophilic differentiation. The investigations by Bhattia et al. 
(83) are unique in that they did not rely on PARP inhibitors to provide the cor- 
relation between poly(ADP-ribosyl)ation and a specific cellular process. The limi- 
tations of solely relying on inhibitors is directly related to the questionable specificity 
of agents employed as PARP inhibitors, and several studies have raised doubts about 
this strategy (69,84). Future studies will therefore be required to confirm or refute 
many of the associations that have already been reported. 

PARP IN THE CARDIOVASCULAR SYSTEM 

In the cardiovascular system, inhibition of PARP by 3AB has been shown to atten- 
uate cell death associated with oxidant stress in isolated cardiac myoblast prepara- 
tions and in experimental models of cardiac ischemia (85,86). As a result, inhibition 
of PARP may be therapeutic for myocardial infarction due to a prevention in the 
decline of high energy phosphates during ischemia/reperfusion (21,85). Conversely, 
activation of PARP may contribute to the pathophysiology of reperfusion injury via 
the PARP suicide hypothesis (86). It is suspected that ischemia/reperfusion results 
in DNA damage and therefore activates PARP which then depletes energy pools 
(both NAD'^ and ATP) and results in activation of the cell death program (i.e. PARP 
suicide hypothesis) (55-58,86). It is also plausible that an inhibition of mononuclear 
cell activation (80) could limit development of oxygen radicals in the tissues, and 
by this mechanism reduce the damage sustained during reperfusion. 

In the vasculature, PARP may play a role in the pathogenesis of endothelial 
dysfunction, having a role in peroxynitrite-induced cytotoxicity (20). Development 
of endothelial dysfunction in this model has been demonstrated to improve with 
3AB treatment (20) . As well, inhibitors of PARP such as 3 AB and HMBA (hexa- 
methylenebisacetamide) have been shown to suppress SMC proliferation (87,88). 
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The Study by Thyberg et al. (87) also revealed significant changes in cytoskeletal 
organization and gene expression. Furthermore, based on the structural properties 
of the cells, they concluded HMBA prevented phenotypic modulation in response 
to culture conditions. Interestingly, Weissberg et al. (89) had previously proposed 
that the effects of HMBA on the differentiation status of SMCs are mediated 
through TGF-p and not poly(ADP-ribosyl)ation. Nevertheless, it was observed 
that inhibitors of poly(ADP-ribosyl)ation instead prevented SMC proliferation, thus 
dissociating cell growth processes from cell differentiation. 

LESSONS LEARNED FROM PARE KNOCKOUT MICE 

The preparation of PARP“ “ knockout mice (KO-1: (90), KO-2: (91), KO-3: (92)) 
has permitted the detection of additional PARP isoforms within the cell, since 
PARP“ ” is not a developmentally lethal phenotype (90), and poly(ADP-ribose) 
polymers are present in PARP" " mice. Furthermore, cells and cell lines derived 
from neuronal cells and fibroblast cells of PARP" " mice are able to undergo DNA 
repair after exposure to reactive ox\^gen species (93). Nevertheless, cells derived from 
the KO-1 mouse had a marginally slower rate of proliferation and skin hyperplasia 
was observed in about 1/3 of older mice (90). Interestingly, PARP" " mice are resis- 
tant to drug-induced inflammation (90) and this may be related to a requirement 
for PARP in the activation of NF-KB-dependent target genes (73). Recently, both 
PARP-2 and PARP-3 have been identified and cloned (94,95), and PARP-2, a 62- 
kDa protein that is also DNA damage-dependent, may account for the residual 
poly(ADP-ribose) synthesis observed in PARP-1 deficient cells exposed to DNA 
damaging agents (96). Taken together, it may be concluded that PARP is dispensi- 
ble during embryogenesis and that its DNA repair function is sufficiently impor- 
tant for genome protection to warrant a redundant enzyme activity. Alternatively, 
PARP-2 may play a more significant role in DNA repair, since, interestingly, the 
generation of knockout mice has indicated that PARP (or PARP-1 as it should 
now be identified) may play a critical role in cell death and in various inflamma- 
tory processes (96). The presence of a PARP gene family may suggest that specific 
PARP enzymes have specific cellular functions and provide the cell with an addi- 
tional regulatory mechanism for distinct cell processes. This premise is supported by 
the inclusion of both tankyrase and VPARP in this family (97). Tankyrase, which 
is a telomere-associated protein, may regulate telomere length and consequently 
contribute to cellular longevity. In contrast, VPARP is localized to the cytosolic 
vault complex (98). Although the function of the vault complex is not completely 
understood, a role in nucleo-cytoplasmic trafficking has been proposed (99). VPARP 
may therefore explain the presence of a cytoplasmic poly(ADP-ribosyl)ating activ- 
ity in association with mRNA (100, 101). 

MONO(ADP-RIBOSYL)ATION REACTIONS 

Mono(ADP-ribosyl)ation reactions are catalyzed by a family of mono(ADP- 
ribosyl) transferases (mART) found in viruses, bacteria and eucaryotic cells 
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Figure 2. Mono(ADP-ribosyl)ation. 



(102-104). This is a reversible post-translational modification of proteins in eucary- 
otic and prokaryotic cells that involves the transfer of an ADP-ribose moiety from 
NAD'^ to an acceptor amino acid (Figure 2). The reaction catalyzed by mART’s is 
distinct from that catalyzed by PARP in several ways. Most notably, the chain length 
of ADP-ribose units is shorter (one compared to 100-200), but the chemical nature 
of the glycosidic linkage, the character of the enzymes involved and the site of 
reaction are also distinct (104,105). The role of mono(ADP-ribosyl)ation in cell 
function is related to cellular metabolism and has been associated with cellular dif- 
ferentiation (106), cellular proliferation (87), cell migration (107-110) and both 
intra- and extra-cellular communication (111—114). 

Catabolism of mono (ADP-ribose) is catalyzed by ADP-ribosyl (amino acid) 
transferase hydrolases (EC 3.2.2.19). The end result is the regeneration of free, 
unmodified amino acid (arginine, cysteine, diphthamide or asparagine). Hydrolases 
have been identified in bacterial, avian and mammalian systems, appearing to be 
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ubiquitous in eukaryotic tissues, and thus supporting the premise that ADP- 
ribosylation reactions are important mediators of cellular regulation. The best char- 
acterized of the hydrolases is the ADP-ribosylarginine hydrolase in eucaryotic cells 
(102,115,116). This hydrolase activity was detected in the soluble fraction of turkey 
erythrocytes (117), cultured mouse cells (118), rat skeletal muscle (119) and rat 
brain (120). Thus a eucaryotic ADP-ribosylation cycle is hypothesized based on the 
reversible modification of proteins by transferases and hydrolases (102,116), much 
like the reversible phosphorylation modification of proteins by kinases and phos- 
phatases (121). Additionally, ADP-ribose can be processed by phosphodiesterases and 
phosphatases as seen with the GPI-anchored skeletal muscle mART, generating a 
phosphoribosyl-integrin and 5'AMP, although the physiological consequences of this 
structure have yet to be examined (122,123). 

MONO(ADP-RffiOSYL)TRANSFERASE (mART) 

The discovery of eucaryotic protein ADP-ribosylation (124-126) resulted in the 
identification of mARTs. Bacterial toxins such as cholera toxin, pertussis toxin, 
diphtheria toxin and botulinum C3 endotoxin ADP-ribosylate a variety of eucary- 
otic and prokaryotic acceptor proteins, and modulate their associated cellular func- 
tions (103,127-132). A variety of animal tissues and organs are also now known 
to contain mART and mART activity (105). Vertebrate mART activity was first 
detected in turkey erythrocytes (133,134), rat liver homogenates (135) and Xenopus 
tissues (122,136,137). Presently, 6 avian niARTs (4 turkey erythrocyte ARTs: 
A, B, C and A', and chicken ARTs from hen liver and heterophil granules) and 
more than 13 mammalian mARTs (e.g. ART 1-5, ART I-IV from rat brain, and 
4 mARTs from rat adrenal medulla) have now been purified and/or cloned 
and characterized (122,138,139). This subject has been reviewed recently by Okazaki 
and Moss (122). 

Of the mammalian mARTs, expression was initially identified in cardiac and 
skeletal muscle, leukocytes/lymphocytes, brain and testis (105,106,140—149). Subse- 
quently, mART expression was demonstrated in hepatoma cells (150,151), SMCs 
(152) and endothelial cells where these enzymes participated in signal transduction 
and prostacyclin production (153). 

Vertebrate mARTs (e.g. NAD:arginine(ADP-ribosyl)transferases (EC 2.4.2.31)) 
are a family of enzymes ranging in molecular weight from approximately 25- to 
36-kDa and 66- and 69-kDa (4 distinct ARTs from rat brain — I to IV and rat 
adrenal medulla) (122). Despite a lack of overall similarity in the amino acid 
sequences (i.e. lack of conservation among sequences), there appear to be 3 regions 
(regions I, II, III) of sequence homology that make up the catalytic site. A precise 
configuration of these regions is required for the ADP-ribose transfer reaction 
(122,154,155). Conserved regions house an NAD-binding cleft composed of an a- 
helix bent over a p-strand, along with an arginine or histidine residue and an active- 
site glutamate which are critical for enzymatic activity (122,154). Furthermore, 
2 separate groups of enzymes can be defined by the presence of either arginine 




ADP-Ribosylation and the Cardiovascular System 369 



(cholera and pertussis toxin-like) or histidine (diphtheria toxin-like) in region I. 
Region II contains a specific amino acid motif (aromatic-hydrophobic-Ser-X- 
Ser-hydrophobic) and region III contains the active-site glutamate. For more details, 
please refer to the review by Okazaki and Moss (122). Interestingly, several of the 
mammalian mARTs have regions of homology to glycosylphosphatidylinositol 
(GPI) -anchored proteins, and thus may be membrane bound with an extracellular 
orientation (104,156,157). Secretory and intracellular counterparts also exist and 
there may therefore be 3 discreet families of transferases (158). 

ENZYMOLOGY OF mART 

A common mechanism of substrate binding and catalysis apparently exists between 
and among both bacterial and eucaryotic mARTs. Mammalian and bacterial mARTs 
are believed to act via an SN2-like mechanism in which nucleophilic attack on 
NAD"^ is followed by displacement of the nicotinamide and inversion of configu- 
ration (155). In this enzymatic reaction, a single ADP-ribose moiety is transferred 
to the acceptor substrate. Amino acid-specific acceptors for mARTs include argi- 
nine, cysteine, diphthamide, histidine and asparagine of which arginine-mARTs are 
the best characterized thus far (104). Mechanisms for regulating mARTs have not 
been described since little research has been done in this area, however, Weng et al. 
(159) did recently report on the auto(ADP-ribosyl)ation of ART5 as a mechanism 
for the regulation of mART activity. 

mART SUBSTRATES 

Vertebrate mARTs are typically species- and tissue-specific with respect to accep- 
tor proteins (160). Although a large variety of proteins are ADP-ribosylated, 
the majority of mARTs are arginine-specific (and can also modify other simple 
guanidino derivatives) and a variety of potential substrates have been described 
(113,122,161,162). Acceptors of ADP-ribose in these mammalian (in vitro) systems 
include casein, ovalbumin and simple guanidino compounds such as arginine and 
agmatine (104). Additional target proteins include Ha-ras-p21, transducin, protein 
kinases (with subsequent reduction in activity), and skeletal Ca^^-ATPase (with 
subsequent decrease in activity) (137,163). Finally, endogenous arginine-dependent 
ADP-ribosylation of G proteins (i.e. G^, G, and Go) is well documented in 
mammalian cells and tissues (140,143,164-166). 

Endogenous vertebrate ADP-ribosylation of cysteine residues is less common, but 
has been observed in human and bovine erythrocytes via the actions of a cysteine- 
specific mART purified from erythrocyte and platelet membranes. This cys-mART 
is also reported to modify Gjtt (122,167,168). Interestingly, ADP-ribosyl-cysteine 
linkages can occur as the result of a nonenzymatic reaction involving ADP-ribose 
and NAD"^ glycohydrolases. In this case, an ADP-ribosyl-thiazolidine linkage is gen- 
erated in place of the thioglycoside ADP-ribosyl-cysteine linkage, the type normally 
observed with pertussis toxin catalyzed reactions (122,169). 
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CELL BIOLOGY OF mART 



Bacterial rtiARTs have a variety of biological consequences and functions within 
eucaryotic cells and organisms. For example, cholera toxin ADP-ribosylates an argi- 
nine residue of G,a, the stimulatory a-subunit of the heterotrimeric GTP-binding 
(G) proteins, and irreversibly inhibits its GTPase activity. The result is activation 
of adenylyl cyclase and a subsequent increase in cellular cAMP levels (124,126,170). 
On the other hand, pertussis toxin ADP-ribosylates a cysteine residue in the a- 
subunit of G, and Go which blocks the inhibitory effect of the oc,-subunit on adeny- 
lyl cyclase and results in activation of the cAMP cascade and/or uncoupling of 
the G protein from its receptor (115,171). Nevertheless, both modifications result 
in abnormalities in cellular electrolyte flux and fluid secretion in the small intestines 
(172-174). Diphtheria toxin (and Pseudomonas aeruginosa exotoxin A) ADP- 
ribosylates a diphthamide (i.e. a modified histidine) residue in elongation factor-2 
(EF-2) resulting in the inactivation of EF-2. This disrupts the regulatory mechanism 
for translocation of elongating proteins across the endoplasmic reticulum membrane 
and results in inhibition of protein synthesis (175-178). Interestingly, a fusion protein 
of IL-2 and diphtheria toxin has been successfully applied for the treatment of neo- 
plastic diseases. This fusion protein targets cells with IL-2 receptors and the resul- 
tant ADP-ribosylation of EF-2 inhibits cell proliferation (179). Finally, exotoxin C2 
and C3 both modify components of the cytoskeletal network. Botulinum C2 exo- 
toxin ADP-ribosylation of an arginine causes inhibition of (non-muscle) actin poly- 
merization and subsequent degradation of the microfilament/cytoskeletal network 
in cells (127). Botulinum C3 exotoxin ADP-ribosylation of an asparagine residue 
on the small GTP-binding protein Rho results in the inactivation and attenuation 
of Rho-associated signaling pathways (180), resulting in decreased tyrosine phos- 
phorylation and phosphatidylinositol 3-kinase (PI3-kinase) activation. Consequently, 
an altered GTP-binding protein interaction with the cytoskeletal elements has the 
potential for modulating cell proliferation and differentiation via disturbances in the 
organization of the actin cytoskeleton (127,181-186). 

As mentioned previously, eucaryotic mARTs are involved in a variety of cell func- 
tions, including cell differentiation, proliferation, migration and cellular communi- 
cation (87,106-114). Specific modification of certain cytoskeletal/intermediate 
filament proteins would result in the alteration of the above-mentioned cell func- 
tions. For example, desmin is ADP-ribosylated by an endogenous arg-mART in 
skeletal muscle (187-189). This modification results in desmin disassembly (189), 
with consequences related to cell differentiation, migration, proliferation and intra- 
cellular communication (161). ADP-ribosylation of desmin is an important regula- 
tory mechanism in differentiating muscle cells, with mART activity increasing 
dramatically after myoblast fusion (106). In addition, desmin from SMCs has been 
shown to react with an antibody specific for ADP-ribosylated-arginine (121). A 
second example would be the modification of actin filaments. ADP-ribosylation of 
actin in human neutrophils is associated with inhibition of neutrophil chemotaxis 
(110). Additionally, non-muscle p/y-actin, skeletal muscle a-actin and smooth muscle 




ADP-Ribosylation and the Cardiovascular System 371 



y-actin are ADP-ribosylated in vitro with resultant inhibition of actin polymeriza- 
tion (190). Furthermore, endogenous ADP-ribosylation of heterophil non-muscle 
actin was proposed as a mechanism for regulating heterophil phagocytosis, secretion 
and chemotaxis (functions dependent on actin de/polymerization) (190). The final 
example is the ADP-ribosylation of integrin a7, the receptor for the extracellular 
protein laminin, on skeletal muscle cells by mART. This modification may modu- 
late cell-cell or cell-matrix interactions, with effects on cellular differentiation and/ or 
proliferation (113,123,191). 

Other eucaryotic cell functions that may be altered by mART include neuronal 
transmission (in the brain, ADP-ribosylation of G proteins can modify neuronal 
signal transmission) (139,140), and regulation of T-cell proliferation and cytolytic 
activity (ADP-ribosylation of a pSb^^'^-associated protein) (162). More recently, Lupi 
et al. (192) have reported the modification of the p-subunit of Gpy by arg-mART 
as a novel mechanism of regulating G protein-mediated signal transduction. This 
modification prevented the inhibition of calmodulin-stimulated type I adenylyl 
cyclase. Finally, modification of MARCKS and tubulin by mART has been demon- 
strated to lead to changes in cytoskeletal and microtubular assembly/organization 
(193-195), as well as alterations in the ability of MARCKS to bind calmodulin and 
interact with the plasma membrane (194). 

From a more clinical point of view, in experimental diabetic neuropathy, mART 
activity has been associated with a reduction of substance P axonal transport and 
subsequent onset of diabetic peripheral neuropathy (196). It was observed that 
exogenous ADP-ribosylation reactions were reduced in extracts from diabetic 
retinas, suggesting increased cytosolic endogenous ADP-ribosylation activity. 
Treatment with an inhibitor of ADP-ribosylation (silybin) increased the extent of 
exogenous ADP-ribosylation (196). 

MONO(ADP-RIBOSYL)ATION IN THE CARDIOVASCULAR SYSTEM 

In the cardiovascular system, arg-mART has been found in relatively high levels in 
neonatal and adult rat hearts (145). In cardiac muscle, ADP-ribosylation reactions 
have been associated with developmental regulation (145). Furthermore, Jones and 
Baird (197) have shown that bFGF, a growth factor intimately associated with the 
cardiovascular system, angiogenesis and the musculoskeletal system, is ADP- 
ribosylated on the surface of adult bovine arch endothelial cells (and in human 
hepatoma cells). This modification may represent an additional regulatory mecha- 
nism, in conjunction with phosphorylation, for this potent mitogen. In the past, 
bFGF has been found to be both phosphorylated and ADP-ribosylated in vitro 
(198-201). Similarly, ADP-ribosylation of PDGF has been shown to reduce its 
mitogenic activity (202). These represent new and unique ways by which ADP- 
ribosylation can control the response of cardiovascular tissues to mitogenic factors. 

Nitric oxide (NO) is a second messenger produced by NO synthase (NOS) in 
response to a variety of signals that is able to stimulate endogenous ADP-ribosylation 
in vitro. Moreover, NO, acting as a free radical molecule, can activate ADP- 
ribosylation of several proteins in vivo (203—205) and result in cellular damage (206). 
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In the vasculature, NO-dependent ADP-ribosylation of G proteins by an endogenous 
ART in smooth muscle increases the activity of adenylyl cyclase and results in vasodi- 
latation via a decrease in the activation of phospholipase C (207). As a result, it is 
postulated that hypertension-associated decreases in eNOS expression and activity 
would decrease the amount of NO produced, thereby leading to decreased ADP- 
ribosylation of G proteins and, consequently, increased vessel constriction since acti- 
vation of G proteins by agonists is unopposed (207). Moreover, ADP-ribosylation was 
discovered in SMCs derived from bovine coronary artery (152). Here, this modifica- 
tion was found to modulate G,a and thereby play a role in activating channels as 
induced by 11,12-EET. It is also of note that metabolism of ADP-ribose to adeno- 
sine can result in dilation of coronary arteries (208). 

Stimulation of NO production in vascular tissues has been shown to cause growth 
inhibition. This observation has led to trials in which the use of NO generators as 
therapy for preventing the development of arterial lesions following revasculariza- 
tion procedures (e.g. balloon angioplasty, bypass graft surgery) was evaluated. Among 
the NO generators that have been tested is L-arginine (209,210). However, argi- 
nine and its derivatives (e.g. arginine methylester) are also known to inhibit 
mono(ADP-ribosyl)ation by operating as a pseudosubstrate and thus preventing 
modification of the target protein (135). Since there is evidence that inhibition of 
arginine-dependent mART blocks cell proliferation (87,211), L-arginine could influ- 
ence vascular lesion formation via this mechanism rather than through NO. The 
report by Uemura et al. (212) has shed some light on this interesting question. In 
this study, both L-arginine and D-arginine were compared for their ability to block 
vascular lesion development, and it was observed that both enantiomers were equally 
effective. Since D-arginine is not a substrate of nitric oxide synthase, these data 
support the premise that arginine functions through its action as an inhibitor of 
mono(ADP-ribosyl)ation. 

As was described earlier, inhibitors of poly(ADP-ribosyl)ation have been shown 
to prevent the differentiation and proliferation of SMCs (87). These investigators 
also tested a specific inhibitor of mono(ADP-ribosyl)ation in their study. A reduc- 
tion in PDGF- and serum-induced DNA synthesis, as determined by thymidine 
autoradiography, was reported with the inhibitor MIBG (mef^i-iodobenzylguanidine). 
Interestingly, little effect was seen with MIBG in a separate experiment measuring 
radiolabelled thymidine incorporation in response to PDGF and serum. This incon- 
sistency is puzzling in the absence of additional information. However, it may be 
significant that MIBG was effective only at concentrations above lOOpM, whereas 
it has been previously reported that inhibition of cell proliferation by MIBG is 
maximal at 50 pM (213). It is also known that MIBG interferes with mitochondr- 
ial respiration (214) and that this effect is not coupled to inhibition of cell prolif- 
eration (213). Since blocking respiration leads to the production of free radicals, 
thymidine autoradiography may be sufficiently sensitive to detect free radical- 
induced DNA repair processes. However, since there have been no additional studies 
examining this issue, further speculation into the role of mono(ADP-ribosyl)ation 
in relation to SMC growth is not possible. 
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CONCLUSIONS 

It is becoming evident that ADP-ribosylation events have the potential to control 
multiple cellular processes. The definitive role of PARP in mediating DNA repair 
(15) and its connection to apoptosis (215) appear to have direct relevance to the 
cardioprotective effects of PARP inhibitors (216). Similarly, mono(ADP- 
ribosyl)ation has been shown to influence cytoskeletal organization, migration and 
intracellular signal transduction, all of which are essential for vascular function. Taken 
together, the studies described in this review suggest that ADP-ribosylation may 
constitute a novel participant in the cardiovascular system and vasculature, by regu- 
lating key cellular processes such as development, differentiation, proliferation and 
SMC contractility (i.e. vasoactivity) . Further studies will nevertheless be required to 
clarify how ADP-ribosylation can contribute to so many different systems and 
whether they could eventually be used as targets for therapeutic intervention. 
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Summary, Twenty-Four mongrel dogs were anesthetized and submitted to normothermic 
extracorporeal circulation and to selective perfusion of the coronary arteries with flows of 
10.0, 5.0 and 2.5ml/kg body weight/min. A catheter was introduced inside the coronary 
sinus, in a 2.0 to 2.5 cm extension, for the flow measurements. The following conditions 
where investigated: Group I — with hearts beating spontaneously; Group II — under ventricu- 
lar fibrilation; Group III — under stimulation by isoproterenol (200 meg); Group IV — under 
artificial estimulation by pace-maker. Results in Group I hearts demonstrated an inverse 
relashionship between the coronary arterial flow and its proportional drainage in coronary 
sinus. This phenomenon was not altered (p < 0.05) in Group II (fibrilating) and IV (pace- 
maker, 80— ISObpm). In Group II hearts, under isoproterenol stimulation an inversion of 
the above pattern occured with linear increasing of the coronary sinus proportional drainage 
with the coronary arterial flow augmentation. It is concluded that the coronary venous flow 
distribution pattern is altered by the improvement in myocardial contractility induced by 
isoproterenol. 

Key words: Coronary Circulation, Cardiovascular Physiology, Myocardium Ischemia, Coro- 
nary Venous Drainage. 
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INTRODUCTION 

The concept of coronary circulation reserv^e has been established as the maximum 
capacity for coronary flow increase triggered by the myocardium oxygen demand, 
with normal range between 400 and 500% rising in the basal flow, depending this 
variation of the coronary arterial system vasodilation (1). Nevertheless, previous 
researches from our Institution (2) showed that coronary flow distribution changes 
in accordance with its magnitude; as higher the coronary arterial flow, lower its pro- 
portional drainage in the coronary sinus. This condition was named coronary devi- 
ation phenomenon and understood as of great functional importance pointing that 
the amount of coronary flow increase do not means proportional amount improve- 
ment in the left ventricle myocardium perfusion. 

The present investigation analyses the influence of different cardiac contractility 
states in the coronary flow deviation phenomenon. 



MATERIAL AND METHOD 

Twenty-four mongrel dogs, weighing 8-30 kg, where anesthetized with sodium 
thiopental (33 mg/kg dosis) maintained with controled respiration and submitted 
to a median longitudinal thoracotomy for exposition of the heart and great 
vessels. 

The following groups were considered: Group 1 (Control) — six animals studied 
with spontaneous cardiac activity. 

Group II — six animals studied during electrically induced ventricular fibrillation. 

Group III — six animals studied during isoproterenol administration (200 meg). 

Group IV — six animals studied during cardiac frequency variation by peace- 
maker stimulation (Medtronic 5880-A) with electrodes implanted in the right 
ventricle. 

It was established normothermic extracorporeal circulation with total drainage of 
the venous return and arterial flow perfusion (1 10-1 20 ml/kg of body weight) 
through the femoral artery. The prime volume was composed by homologous blood, 
ringer solution, manitol, heparin and sodium bicardonate (according to laboratorial 
control results). 

The central venous pressure, myocardium temperature, mean arterial pressure 
(femoral artery) and coronary artery perfusion pressure were controled. 

For the coronary artery perfusion an isolated roller pump was employed and an 
arterial cannula fixed in the ascending aorta proximally to the aortic occlusion 
clamp. 

After the beginning of the extracorporeal circulation the right atrium was 
openned and a 6 mm diameter PVC catheter introduced 2. 0-2. 5 cm in the coro- 
nary sinus (Figure 1), which was tied over the catheter by a 3-0 polyester stitch. 

After the aortic clamping the left chambers were drained and aspirated through 
the interatrial septum. 

All coronary flow drainage measures were done after eight minutes of coronary 
arterial perfusion with flows of 10.0, 5.0 and 2.5 ml/kg of body weight. 
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Figure 1. Escheme of the extracorporeal perfusion and drainage lines. 1 — Coronary Perfusion, 2- 
Venous Line, 3 — Arterial Line, 4 — Coronary Sinus Drainage. 
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Figure 2. Group II. Percent drainage variation in the coronary sinus. CoAF — Coronar\- arterial flow; 
CoS — Coronars^ sinus. 



The perfusion and drainage flows were measured by electromagnetic flowmeters 
(Statham). 

Statistical analysis was performed (ANOVA and t student) with significance level 
of 0.05. 

COMMENTS 

Vieussens (3), in the 1706 century by the first time described the existence of direct 
communications between the coronary arteries and cardiac chambers. Thebesius (4), 
in 1708, described the coronary venous drainage to the right chambers. Hoffman 
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Figure 3. Group III. Isoproterenol action; CoAF — Coronary arterial flow; CoS — Coronary sinus. 



et al. (5) in 1971 confirmed the existence of the coronary arterial and venous con- 
nections with the cardiac cavities and Robertson (1941) (6), admitted like Thebe- 
sius that such intercommunicating system would serve for fast ventricular wall 
damping, during sudden heart hyperfunction. 

In the present study the inhotropic activity enhancement by isoproterenol directed 
the coronary flow for the coronary sinus pathway reducing the flow to the cardiac 
chambers. 
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Figure 4. Heart rate and coronary sinus drainage behaviour. CoAF — Coronary arterial flow; CoS — 
Coronary sinus. 



Other concerns arised regarding the classic understanding of the coronary circu- 
lation physiology is related with the myocardium adaptation to the coronary flow 
variation having Sabinston and Blalock (7), in 1958, described the following phys- 
iological mechanisms as responsible for the coronary flow adaptation: mean aortic 
arterial pressure, coronary arteries diameter, arteries tonus, arterial p 02 , blood vis- 
cosity and right atrium venous pressure. Nowadays it is admitted that the p02 is 
the main determinant trigger of the coronary flow regulatory changes (8). 
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Table 1. 


Results from group 


I animals 










OBS. 

N° 


10.0 




Coronary Arterial Flow 
5.0 


— ml/kg/ min 


2.5 




1 


85.0^ 


70.8% 


55.6 


91.6% 


29.0 


96.6% 


2 


40.0 


26.6% 


25.0 


33.3% 


16.0 


42.1% 


3 


33.0 


25.3% 


24.0 


36.9% 


24.0 


75.0% 


4 


20.0 


16.6% 


30.0 


50.0% 


18.0 


60.0% 


5 


40.0 


33.3% 


46.0 


76.6% 


24.0 


80.0% 


6 


55.0 


55.5% 


40.00 


80.0% 


20.0 


80.0% 


Mean 45.5 

^Coronary Sinus Drainage Flow— 


38.0% 

-ml/min. 


36.8 


61.4% 


21.8 


72.3% 



Table 2. Ventricular fibrillation and percent drainage variation in the coronary sinus 



OBS. 


10.0 




Coronary Arterial Flow— 
5.0 


-ml/kg/min 


2.5 




N° 


B 


F 


B 




F 


B 


F 


1 


51.0* 


51.0 


89.0 




88.5 


99.0 


99.0 


2 


36.5 


36.2 


66.0 




66.0 


87.0 


87.5 


3 


38.6 


38.2 


71.5 




72.0 


86.0 


86.0 


4 


27.9 


30.0 


80.0 




80.0 


94.0 


94.0 


5 


43.0 


43.0 


52.0 




52.0 


76.0 


78.0 


6 


22.3 


22.0 


48.0 




48.3 


64.5 


64.0 


Mean 
B — Beating. 

F — FibriUating. 
*— %. 


36.5 


36.7 


67.8 




67.8 


84.4 


84.7 



Table 3. 


Isoproterenol and percent drainage 


variation in the coronary sinus 






OBS. 


10.0 


Coronary Arterial Flow— 
5.0 


-ml/kg/min 


2.5 




N° 


C 


I 


C 


I 


C 


I 


1 


33.0* 


68.0 


52.0 


67.0 


76.0 


83.0 


2 


42.0 


73.0 


78.0 


92.0 


84.0 


92.5 


3 


28.0 


51.0 


64.0 


82.0 


92.5 


95.0 


4 


53.0 


82.0 


69.0 


89.0 


82.5 


93.0 


5 


36.0 


49.0 


53.0 


69.0 


66.0 


75.0 


6 


31.0 


52.0 


49.0 


67.0 


58.0 


69.0 


Mean 


37.1 


62.5 


60.8 


77.6 


76.5 


84.6 



C — Control. 

I — During Isoproterenol Effect. 
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Table 4. Heart rate and coronar\' sinus drainage 



Coronary Arterial Flow — inl/kg/inin 

OBS. 10.0 5.0 2.5 



N° 


80^ 


120 


1.50 


180 


80 


120 


150 


180 


80 


120 


150 


180 


1 


80** 


80 


82 


81 


98 


98 


98 


98 


99 


99 


99 


99 


2 


58 


59 


58 


58 


92 


90 


92 


91 


98 


99 


98 


99 


3 


52 


52 


52 


52 


71 


71 


71 


71 


78 


79 


77 


78 


4 


27 


27 


27 


27 


52 


52 


52 


52 


61 


60 


61 


61 


5 


39 


39 


39 


40 


64 


64 


64 


64 


74 


74 


74 


74 


6 


43 


42 


43 


41 


68 


68 


68 


68 


81 


81 


82 


81 


Mean 


49.8 


49.8 


50.1 


49.8 


74.1 


73.8 


74.1 


74.0 


81.8 


82.0 


81.8 


82.0 



* — Heart Rate — bpm. 

** — % Drainage in the Coronary Sinu'i. 



COMMENTS 

Vieussens (3), in the 1706 century by the first time described the existence ot direct 
communications between the coronarv" arteries and cardiac chambers. Thebesius (4), 
in 1708, described the coronary venous drainage to the right chambers. Hoffman 
et al. (5) in 1971 confirmed the existence of the coronary arterial and venous con- 
nections with the cardiac cavities and Robertson (1941) (6), admitted like Thebe- 
sius that such intercommunicating system would serve for fast ventricular wall 
damping, during sudden heart hyperfunction. 

In the present study the inhotropic activity’ enhancement by isoproterenol directed 
the coronary flow for the coronarv^ sinus pathway reducing the flow to the cardiac 
chambers. 

Other concerns arised regarding the classic understanding of the coronary circu- 
lation physiology is related with the myocardium adaptation to the coronary flow 
variation having Sabinston and Blalock (7), in 1958, described the following 
physiological mechanisms as responsible for the coronary flow adaptation: mean 
aortic arterial pressure, coronary arteries diameter, arteries tonus, arterial p02, blood 
vis-cosity and right atrium venous pressure. Nowadays it is admitted that the p02 
is the main determinant trigger of the coronary flow regulatory changes (8). 

The results of the present investigation do suggest also important participation of 
the communicating system between coronary vessels and cardiac cavities in the reg- 
ulation of the nourishing flow, considering that increasing in the arterial flow do 
not mean proportionally, more perfusion in the myocardial region draining to the 
coronary sinus. 

This understanding open another possible interpretation to the coronary circula- 
tion reserve concept including now a proeminent role of the coronary-cavity^ com- 
munications through Thebesius and Vieussens systems. This understanding maker 
easier the interpretation of weird clinicall conditions like the absence of sintoma- 
tology in patients with severe coronary artery obstructions in opposition to the pres- 
ence of ischemic syndromes in people with normal coronary angiographic patterns. 
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The analysis of the present results seems to expose a new frame of understand- 
ing for some adaptative myocardial alterations in pathologic and special pharmaco- 
dynamic conditions. 

For example, the rate increasing by pacemaker stimulation has not changed the 
blood distribution at coronary microcirculation level, oppositely to the expected 
assumption that a shortening of the dyastolic period would promote a mechanical 
blockage of the shunt to cardiac cavities. The present findings probably may explain 
the absence of coronary ischemia in many patients with tachicardia crisis. 

The isoproterenol administration resulted always in higher flow drainage to the 
coronary sinus venous system, may be with better utilization by the left ventricle 
myocardium. It is noticeable that this drug effect in the coronary flow deviation 
phenomenon occurred even with heart rate between 80 - 120 bpm outstanding the 
participation of the drug inotropic action to explain the observed changes in the 
microcirculation behaviour. Newer investigation should be done to explain whether 
the above described circulatory changes are exclusively related to isoproterenol 
effects or may be reproduced by others inotropic agents. 
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Summary. In the first study we have tried to test usefulness of ANP and BNP in the timing 
of aortic valve surgery. 23 patients were examined and compared to 20 controls. Echocar- 
diography and 6-minute walk test were performed and pre-, peak- and post-exercise samples 
were taken from each patient. ANP and BNP plasma concentrations were measured by 
immuno-radiometric assay. 

All natriuretic peptide plasma levels exhibited wide interpatient variability. All ANP and 
BNP plasma levels were found to be significantly higher than in controls. Both ANP and 
BNP levels had a non-significant, but rising trend with the NYHA classification. Only ANP 
showed statistically significant changes with exercise, which, however, did not increase the test 
validity. There was a correlation between AVG and BNP1,2, but none was found with AVAI 
and LVMI. Sensitivity of the test to detect a critical aortic stenosis with AVG >100mmHg 
was 77% for ANP and 100% for BNP, specificity was 57% and 29%, respectively. However, 
it was not sensitive enough to detect borderline gradients. Wide inter-patient variability makes 
the test an insufficient screening tool, however, it could be used to exclude significant aortic 
stenosis. 

In the second group we have studied the development of ANP, BNP and endothelin- 1 
(ET-1) levels in 17 patients after heart transplantation. The blood samples for were taken 
before the heart transplantation and on days 1, 3, 5, 7, 14, 21 and 28. ANP and BNP levels 
decreased after the heart transplantation, with a subsequent rise with a peak on days 5 and 
3, respectively. ET-1 levels increased steeply in the 1st day, with a subsequent steady fall to 
pre-transplant. 



Key words: aortic stenosis, heart transplant, natriuretic peptides, endothelin, ANP, BNP, ET-1. 
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INTRODUCTION 

Neuroendocrine activation plays an important role in the pathophysiology of heart 
disease. Natriuretic peptides and endothelins have been object of intensive research 
in the past decade and their diagnostic, prognostic and therapeutic potentials in heart 
failure and ischemic heart disease are widely recognized. 

We have focused on two areas where the research has been less intensive — valvu- 
lar heart disease and heart transplantation. The objective of our first study was to 
find a relationship between hemodynamic and clinical characteristics and natriuretic 
peptide plasma levels in aortic stenosis and to investigate their possible use in timing 
of aortic valve surgery. In the second study we have studied natriuretic peptide 
and endothelin plasma concentrations in patients in their first month after heart 
transplantation. 



Natriuretic peptides 

Natriuretic peptides are a family of structurally similar peptides with diverse effects 
on cardiovascular, renal and endocrine homeostasis. They include four hormones. 

Atrial natriuretic peptide (ANP) was identified in 1984 by Kangawa and Matsuo 
(1). It is a 28-amino acid polypeptide molecule containing a 17-amino acid ring. 
ANP is synthesized and secreted predominantly in the atria. The gene is located on 
the short arm of the first chromosome. Its expression yields pre-pro-ANP, a 150- 
amino acid precursor. Cleavage of a 5'-terminal signal peptide gives pro-ANP]_i 26 , 
which is stored in atrial granules. Before secretion it is cleaved by a serine protease 
to produce active C-terminal ANP 9 <>_i 26 (ANP) and inactive N-terminal ANP,_ 9 h 
(N-ANP) (2). ANP has a short serum half-life of 2.5 minutes. On the contrary, the 
more stable N-ANP has a half-life of 1-2 hours, which results in its 50-fold higher 
plasma concentrations, making it a useful diagnostic tool. 

Brain natriuretic peptide (BNP), a 32-amino acid polypeptide with a 17-amino 
acid ring, was first isolated in porcine brain in 1988 (3), however, it was soon 
discovered to be synthesized and secreted predominantly in the ventricular 
myocardium (2). Its 108-amino acid precursor, pro-BNPi_i,,s is cleaved to active C- 
terminal BNP 77 _ioh and inactive N-terminal BNP]_ 7 f,. Plasma concentrations of BNP 
are only 20% of those of ANP, however, its half-life is much longer — 20 minutes. 

C-type natriuretic peptide (CNP), a 22-amino acid peptide is produced in vas- 
cular endothelium, brain and kidney tissue. It is a potent paracrine vasodilator and 
vascular cell growth inhibitor, with limited natriuretic effects (2). Dendroaspis natri- 
uretic peptide (DNP), a 38-amino acid peptide, was isolated in green mamba snake 
venom (Dendroaspis an^usticeps) . It has marked natriuretic and diuretic effects. 

Natriuretic peptide plasma concentrations are increased in diseases with increased 
atrial or ventricular pressures (4). However, precise mechanisms are yet unclear. 
Some authors argue that wall stretch and not increased intracavitary pressure is 
responsible for natriuretic peptide release (5). It has also been documented that 
angiotensin II and endothelin increase secretion of natriuretic peptides. Leskinen (6) 
proved that release of ANP in response to increased atrial pressure is mediated by 
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endothelin, however, endothelin receptor antagonists did not have any effect on ANP 
concentrations in the absence of increased atrial stretch. 

Natriuretic peptides act through natriuretic peptide receptors (NPR). There are 
three types of NPRs. NPR-A is a receptor for ANP and BNP, NPR-B binds CNP 
Both are transmembrane proteins consisting of an extracellular domain with a 
hormone binding site and intracellular domains with protein kinase and guanylate 
cyclase activities. Binding of a natriuretic peptide to the extracellular domain results 
in release of inhibition that the protein kinase exerts on guanylate cyclase and 
subsequent production of cyclic guanosine monophosphate (cGMP). 

NPR-C is a clearance receptor without protein kinase or guanylate cyclase 
domains. Binding of a natriuretic peptide, predominantly ANP, to NPR-C results 
in its endocytosis and lysosomal degradation. Another pathway of natriuretic peptide 
elimination, more important in BNP, is enzymatic cleavage of the ring between 
amino acids 105 and 106 by neutral endopeptidase (NEP) (2). 

Both ANP and BNP exert diverse effects on kidneys and cardiovascular system. 
They stimulate diuresis and natriuresis by inhibition of sodium transport in the 
collecting duct, dilate of both arteries and veins, inhibit renin and aldosterone 
secretion, stimulate vagal tone and decrease sympathetic activity (2). 

Plasma ANP and BNP concentrations are considerably increased in heart failure. 
BNP, due to its secretion in the ventricles and inactivation by NEP, seems to be a 
better marker of systolic left ventricular dysfunction expressed by ejection fraction 
than both ANP and N-ANP (7). BNP also seems to be the best marker of dias- 
tolic left ventricular (LV) dysfunction and LV hypertrophy. 

ANP and BNP plasma concentrations are markedly increased in patients with 
myocardial infarction. Subsequently, ANP levels fall with a smaller peak on the 3rd 
day. BNP levels continue to rise for 16 hours and fall thereafter. Patients with LV 
dysfunction have a second BNP peak on the 5th day, resulting from remodelation 
of the ventricular myocardium. BNP and N-ANP are highly sensitive independent 
predictors of mortality in patients after myocardial infarction (8). 

BNP may be useful in differential diagnosis of breathlessness. Normal plasma 
levels exclude systolic LV dysfunction, but increased levels need to be confirmed by 
echocardiography (9). BNP and N-ANP can also be used in screening for asymp- 
tomatic LV dysfunction (10). N-ANP is an independent indicator of mortality, 
therefore it can be used to evaluate prognosis in patients with congestive heart failure 
and normal ejection fraction (11). BNP plasma concentrations are better markers 
of prognosis in chronic heart failure than LV ejection fraction alone (12). Treatment 
of heart failure with ACE inhibitors carries better prognosis if their dosages are 
titrated against BNP levels instead of empirical treatment (13). 

Natriuretic peptides may be administered intravenously. Infusion of carperitide, 
a recombinant ANP, has strong diuretic and natriuretic properties, vasodilatation is 
less pronounced in patients treated with ACE inhibitors. Infusion of nesiritide, a 
recombinant BNP, decreases systemic and peripheral vascular resistance, increases 
cardiac output and diuresis. Another approach in influencing concentrations of 
natriuretic peptides is neutral endopeptidase (NEP) inhibition. Candoxatril can be 
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administered orally. It has both diuretic and vasodilatating effects. The potential of 
these drugs to improve prognosis of heart failure has yet to be evaluated in ran- 
domized studies. 

Endothelins 

Endothelin (ET) was isolated by Yanagisawa in 1988 from a porcine cellular culture. 
Later it was discovered to be a family of three peptides — ET-1, ET-2 and ET-3. 
They consist of a hydrophobic C-terminal part and an N-terminal part with two 
disulphidic bonds between cysteine residues (14). 

ET-1 is synthesized mainly in endothelial cells, but it was also detected in vas- 
cular smooth muscle, hepatocytes, astrocytes, neurons, macrophages, endometrium, 
Sertoli cells and breast glandular cells. ET-2 is produced predominantly in kidneys, 
but also in myocardium, brain and placenta. Unlike the ET-1 and ET-3, it does not 
circulate in plasma. ET-3 was detected in brain, hypophysis, lungs, pancreas and 
spleen. ET-2 and ET-3 have no specific effects on cardiovascular system (15). 

The gene for ET-1 is located on the 6th chromosome. Its expression in the 
endothelial cells is stimulated by growth factors, interleukins, insulin, vasopressin, 
bradykinin and angiotensin II, noradrenaline; it is inhibited by NO, prostacycline 
and ANP. Expression of the gene generates a 201 -amino acid precursor pre- 
pro-ET-1. This is cleaved to a 38-amino acid pro-ET-1, also called big ET-1. 
Transformation of the big ET-1 is mediated by endothelin converting enzyme (ECE) 
(8). 75% of endothelin production on the basal cell surface, which results in its very 
low plasma concentrations and predominant paracrine and autocrine 
function. However, plasma ET-1 levels could be a sufficient marker of its local 
production (16). 

ET receptors are transmembrane proteins associated with G-protein that activates 
phospholipase C. Production of inositol triphosphate results in increase of intracel- 
lular calcium concentration and subsequent contraction of vascular smooth muscle. 
There are two types of ET receptors. ETa is situated mainly on vascular smooth 
muscle cells and mediates vasoconstricting effects of ET-1. ETb is located predom- 
inantly on endothelial cells and its activation leads to release of vasodilating sub- 
stances, whereas on vascular smooth muscle cells it causes vasoconstriction, moreover 
it also seems be a clearance receptor (8). 

Endothelins are hormones with strong vasoconstricting activity. They cause coro- 
nary vasoconstriction, bronchoconstriction, have positive inotropic and chronotropic 
effects, increase sodium and water excretion, renin, aldosterone, adrenaline and ANP 
concentrations. ET-1 also have strong mitogenic properties and stimulate cytokine 
production (8). 

Several experimental and clinical studies have proved that endothelins are increased 
in heart failure and correlate with mortality (17). They rise in acute myocardial infarc- 
tion, intravenous infusion of ET-1 reduces coronary flow by 90% (18). Endothelins 
may be important in a number of conditions, such as arterial hypertension, myocar- 
dial hypertrophy, neointimal proliferation after coronary intervention, Raynaud 
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syndrome, as well as bronchial asthma and renal failure. Treatment with bosentan, a 
non-selective endothelin antagonist, leads to reduction of blood pressure, decrease of 
systemic and peripheral resistances and increase of cardiac output (19). 

MATERIALS AND METHODS 
Aortic stenosis 

The first group included 23 patients (12 men, 11 women, age 63 ± 7 years) admit- 
ted for cardiological evaluation during a period of one month. 2 patients had a mild 
aortic regurgitation, 3 of them had significant coronary artery disease. Patients with 
other heart disorders, hepatic or renal dysfunction were excluded. None of the 
subjects had had congestive heart failure clinically or on a chest X-ray. They were 
compared to 20 age and sex matched healthy controls. 

The patients were divided into the New York Heart Association (NYHA) classes 
and presence of syncopes or angina was noted. Echocardiography was performed 
in each patient by the same examiner on Hewlett Packard Sonos 2000. Parameters 
measured included left ventricular (LV) and left atrial (LA) systolic and end- 
diastolic diameters, posterior wall and interventricular septum thickness, LV ejection 
fraction. As a degree of severity of the aortic stenosis, peak aortic valve pressure 
gradient (AVG — 101 ± 23mmHg) was calculated from modified Bernoulli 
equation, and aortic valve area index (AVAI — 0.29 ± 0.05cm^/m^) was calculated 
from the continuity equation. Left ventricular mass index (LVMI — 237 ± 91g/m^), 
as a measure of left ventricular hypertrophy, was calculated using Devereux 
formula. All patients underwent coronary angiography which discovered significant 
stenoses in 3 patients, and in 4 patients peak-to-peak gradients were measured 
invasively. 

Three samples were taken from each patient. The first sample (ANPl, BNPl) 
was taken in the morning between 8-9:00 before breakfast, after 20 minutes’ 
rest in supine position. The second specimen (ANP2, BNP2) was taken immedi- 
ately after the patient had completed a 6 minute walk test. The performance in 
meters was recorded. The third one (ANP3, BNP3) was taken again after 20 minutes 
of rest. 

Heart transplantation 

The second group included 17 patients after heart transplantation — 16 men, 1 
woman, 12 with a diagnosis of dilated cardiomyopathy and 5 with ischemic chronic 
heart failure, with average age of 42 ± 8 years. The blood samples were taken before 
the heart transplantation and on days 1, 3, 5, 7, 14, 21 and 28 after a minimum of 
20 minutes of rest in supine position. 

Assays and statistics 

Edetic acid — aprotinine test tubes were used for natriuretic peptides, plain edetic 
acid tubes were used for endothelin. The samples were transported on ice, imme- 
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diately centrifuged, and plasma was stored at -20°C within 30 minutes. ANP and 
BNP plasma concentrations were measured with commercially available immuno- 
radiometric assay (IRMA) by Shionogi, Japan, with upper reference limits of 
50pg/ml for ANP and 18.4pg/ml for BNP The measured natriuretic peptide levels 
were corrected for the standard packed cell volume of 0.40. ET-1 levels were deter- 
mined with enzyme-linked immunosorbent assay (ELISA) by R&D Systems, USA, 
with reference intervals of 0.3-0.9pg/ml. 

The measured values were expressed as mean ± standard error of the mean. The 
data were tested for statistically significant differences with Student t-test and paired 
t-test using Microsoft Excel software. Pearson and Spearman correlation were used 
to test the relationship between natriuretic peptide levels and echocardiographic 
parameters and NYHA classification, respectively. 

RESULTS 
Aortic stenosis 

All natriuretic peptide plasma levels exhibited wide inter-patient variability 
(ANP1,2,3 69.4 ± 27.3, 86.1 ± 47.7, 46.9 ± 43.0pg/ml (Figure 1) and BNP1,2,3 
169.0 ± 151.2, 184.6 ± 166.4, 170.7 ± 150.6pg/ml (Figure 2), respectively. All 
plasma levels were found to be significantly higher than in controls (ANP1,2,3 — 
p < 0.001; BNP1,2,3 — p = 0.001). Surprisingly, only ANP showed statistically 
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Figure 1. pre-, peak- and post-exercise mean ANP plasma concentrations. 
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Figure 2. Pre-, peak- and post-exercise BNP mean plasma concentrations. 
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Figure 3. Resting mean ANP and BNP versus NYHA classification. 
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Figure 4. Correlation of resting ANP and BNP plasma concentrations with aortic valve gradient 
(AVG). 



significant changes between pre-, peak- and post-exercise levels (ANP 1-2 — 
p = 0.011, ANP 2-3 — p = 0.037). Exercise testing did not improve test validity, 
probably due to inconsistent performance at the 6 minute walk test. 

Both ANPl and BNPl had a non-significant rising trend with NYHA classifi- 
cation (Figure 3) and ANPl correlated w'eakly with performance at the 6 minute 
walk test. We found a strong statistically significant correlation between AVG and 
BNPl (r = 0.820, p < 0.001) and BNP2 levels (0.821, p < 0.001) (Figure 4). There 
was no correlation between ANP or BNP and AVAI, LVMI or other indices. Log- 
arithmic transformation of the plasma concentrations did not improve the correla- 
tion results. Considering upper limits as 2 standard deviations above mean of the 
control group, we have found that sensitivity of the test for the patients with AVG 
over 100 mm Fig was 77.7% for ANPl and 100% for BNPl; and specificity was 
57.1% and 28.6%, respectively. Flowever, the test was not sensitive enough to detect 
borderline gradients under 100 mmHg. 

Heart transplantation 

On the first day after the heart transplantation the plasma concentrations of 
ANP fell significantly (p < 0.05) from 285.3 ± 7 1.3 pg/ml pre-transplant to 53.6 ± 
12.1 pg/ml. In the next days the values increased to 117.8 ± 32.4pg/ml on day 5, 
followed by a steady decline to 78.1 ± 18.8 pg/ml on day 28 (Figure 5). On the 
contrary, BNP levels did not change significantly in the first three days, with 434.2 
± 108.6pg/ml pre-transplant and 403.4 ± 43.2 pg/ml on day 1. Afterwards the BNP 
values rose non-significantly to 715.7 ± 142.1 pg/ml on day 14, with subsequent 
gradual decline to 340.0 ± 87.8 pg/ml, which is lower than the pre-transplant 
values. ET-1 levels increased steeply from 1.60 ± 0.27 pg/ml pre-transplant to 2.47 
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Figure 5. Mean ANP and BNP plasma concentrations after heart transplantation. 
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Figure 6. Mean ET-1 plasma concentrations after heart transplantation. 



± 1.46 pg/ml on day 1, with a subsequent steady fall to pre-transplant levels on day 
28, 1.57 ± 0.1 3 pg/ml (Figure 6). 

DISCUSSION 
Aortic stenosis 

There are only a few studies regarding natriuretic peptides in valvular disease, aortic 
stenosis in particular. Consistently with our findings, there was a wide inter-patient 
variability (20). Correlation was found between ANP or BNP levels and different 
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characteristics such as end-systolic wall stress (21), left ventricular mass index and 
left atrial pressure (22,23), and aortic valve gradient (24). However, the studies used 
small numbers of patients and the results of different studies are inconsistent. 

We have found both ANF and BNP plasma concentrations to be significantly 
higher in patients with severe aortic stenosis than in control subjects. Moreover, 
we have found that the natriuretic peptides correlate with the severity of aortic 
stenosis expressed by the aortic valve peak pressure gradient, BNP being a better 
marker of severity. There was also a non-significant trend of correlation with symp- 
toms of aortic stenosis expressed by the NYHA classification and performance 
at the 6 minute walk test. We have not found exercise testing to improve the 
validity of the test. The BNP plasma concentration had a high sensitivity and 
negative predictive value to detect critical aortic stenosis, although its specificity and 
positive predictive value was low. However, it was insensitive in lower gradients 
where it could be helpful in decision-making concerning the timing of surgery. 
Due to the wide inter-patient variability, the plasma natriuretic peptides do not 
seem to be suitable as a screening tool for detection of severe aortic stenosis 
indicated for aortic valve replacement and can by no means replace echocardio- 
graphy, but it could still be used to exclude it. However, larger numbers of 
patients, particularly with borderline gradients, would be needed to confirm these 
conclusions. 

Heart transplantation 

Heart transplantation leads to normalization of hemodynamics, which results in 
decreased renin-angiotensin-aldosterone and catecholamine levels. Similar changes 
were expected to occur in natriuretic peptides, but the ANP and BNP levels remain 
increased, though lower than before the heart transplantation. No specific mecha- 
nism of this finding has yet been postulated. Geny et al. (25) hypothesized that 
extensive atrial mass remaining after transplantation may sustain high natriuretic 
peptide levels, but these are increased irrespective of surgical technique, i.e. standard 
versus bicaval orthotopic transplantation with small atrial mass. Denervation of 
the heart could also be responsible for ANP hypersecretion. Corticosteroids and 
cyclosporin may influence natriuretic peptide gene expression either by direct 
stimulation, or indirectly through increased preload and afterload. Cyclosporin may 
decrease renal clearance of ANP. Geny et al (26) proved association between 
increased concentrations of ET-1 and ANP. Another theory blames inflammatory 
processes. In animal experiments there was a correlation between ANP and allo- 
graft rejection, however, this is still controversial in humans. 

Endothelin levels also rise after the transplantation and remain increased for 3-12 
months (27). There probably is a connection with systemic hypertension that usually 
develops in these patients. The heart transplantation as a surgical procedure gives 
rise to a combination of factors, such as acute physiological stress, tissue damage and 
endothelial dysfunction that may together with chronic endothelial impairment and 
immunosupressive therapy contribute to increased ET-1 concentrations after the 
operation. 
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CONCLUSION 

Neuroendocrine activation is an important process in pathophysiology of heart 
disease. Natriuretic peptides have been studied most extensively in heart failure, 
where they seem to have important diagnostic and prognostic implications. Their 
possible therapeutic usage seems promising, too. However, they may also contribute 
to diagnosis and management of other heart disorders associated with pressure or 
volume overload. Although nonspecific, their high negative predictive value enables 
exclusion of a serious heart disease. 
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Summary, Oxidative stress has been implicated in the pathogenesis of a host of vascular 
abnormalities such as atherosclerosis, hypertension and in restenosis followed by balloon 
angioplasty. However, the molecular mechanism by which oxidative stress causes these abnor- 
malities remains poorly characterized. Recent studies have shown that exposure of vascular 
smooth muscle cells (VSMC) with H2O2, to mimic oxidative stress, activates components of 
growth promoting and proliferative signal transduction pathways. These components include 
mitogen-activated protein kinases (MAPKs) and protein kinase B (PKB/Akt), and are believed 
to be key players mediating growth, proliferation, hypertrophy, migration, survival and death 
of VSMC. In this article, we provide a brief overview of the effect of H2O2 on MAPKs and 
PKB/Akt signaling in VSMC in relation to their potential role in the pathogenesis of vas- 
cular abnormalities. 

Key words: VSMC, mitogen-activated protein kinases, protein kinase B, vascular pathophys- 
iology, oxidative stress, H2O2. 

INTRODUCTION 

The past decade has w^itnessed a surge of interest in studies related to oxidative 
stress in biological systems. This is primarily due to the potential implication of 
increased oxidative stress in a variety of pathophysiological conditions including 
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Figure 1. Simplified scheme showing key steps in the production of reactive oxv'gen species (ROS). 
ROS, such as 0‘~2 (superoxide anion), H.O: (hydrogen peroxide) and OH’ (hydroxv'l ion) are gener- 
ated by several pathways, some of which are shown here. NADPH oxidase catalyzes transfer of one 
electron from NADP to molecular oxwgen to generate (O’".). O’", is converted to H.O. either by a 
protonation reaction or by the action of superoxide dismutase. OH’ is produced by Fenton or Haber- 
Weiss reaction in the presence of metal 10 ns, and finally inert H.O is formed by Catalase. 



Table 1. Some of antioxidant enzymes 
and molecules involved in ROS scavanging 



Conventional antioxidant enzymes 

Superoxide dismutase 
C'atalase 

Glutathione peroxidase 

Small antioxidant molecules 

a-tocopherol 
Lipoic acid 
Ascorbic acid 



cardiovascular disorders (1-3). Oxidative stress is caused by an excessive accumula- 
tion of reactive oxygen species (ROS) as a result of a defective anti-oxidant defense 
system of the cell. Endogenously, the main source of ROS is believed to be mito- 
chondria which converts about 1—2% of consumed molecular oxygen into super- 
oxide anion (0’%) (*+~3). Other sources for the generation of 0% include NADPH 
oxidase, lipooxygenase, hypoxanthine/xanthine oxidase or cyclooxygenase (1). 0'"2 
is a relatively short-lived ROS and is converted to H 2 O 2 by superoxide dismutase 
(SOD), and H 2 O 2 is degraded to produce water by several cellular enzymes such as 
catalase and glutathione (GSH) peroxidase. Under certain conditions, and in pres- 
ence of metals H 2 O 2 can generate extremely active hydroxyl radical (OH‘) via 
Fenton and Haber-Weiss reactions (6-7) (Figure 1). Exogenous source of ROS 
includes ultraviolet light, ionizing radiation and environmental and chemical toxins 
(8). ROS generation is also believed to play an essential role in propagating the 
signals of various growth factors, peptide hormones and cytokines such as platelet- 
derived growth factor (PDGF) (9), epidermal growth factor (EGF) (10), angiotensin 
II (11) insulin (12) interleukin- 1 and tumor necrosis factor-a (TNF-a) (13,14). 
Normally, the cells are able to detoxify and neutralize the ROS to produce inert 
substances by using a host of redox scavenging systems. These comprise of con- 
ventional antioxidant enzymes such as SOD, catalase, GSH peroxidase, and small 
antioxidant molecules such as a-tocopherol, lipioic acid, ascorbic acid, and vitamins 
A and E (Table 1). An aberration in anti-oxidant scavenging ability of cells leads to 




Role of MAP Kinases and PKB/Akt Signaling in Vascular Pathophysiology 407 



excessive accumulation of ROS, which by activating a series of growth promoting 
and proliferative signaling pathways contributes to the pathogenesis of vascular dis- 
eases (8). Among these pathways the activation of mitogen-activated protein kinases 
(MAPKs) and phosphatidylinositol-3-kinase (PI3-K) /protein kinase B (PKB/Akt) 
pathways appear to be key players in mediating growth promoting, proliferative, 
migratory, survival and death responses in the cell. Therefore, this article aims to 
provide a brief overview on the effect of oxidative stress, primarily by H 2 O 2 , on 
MAPKs, PI3-K/PKB/Akt signaling in vascular smooth muscle cell (VSMC) and 
their potential contribution in the pathogenesis of vascular diseases. 

Mitogen-activated protein kinases 

Mitogen-activated protein kinases (MAPKs) are serine/threonine protein kinases, 
which are activated in response to a variety of external stimuli, including growth 
factors, hormones and stress. MAPKs have been classified into several subfamilies: 
ERK 1/2 (extracellular signal-regulated kinases 1 and 2), p38"'^'"'', JNK/SAPK (c- 
Jun NH 2 -terminal kinase/stress-activated protein kinase), ERK 3/4 and ERK 5 
(reviewed in ref. 15,16). MAPKs are activated by dual phosphorylation on both 
tyrosine and threonine residues by dual specificity protein kinases known as MAPKK 
or MEK (mitogen extracellular signal-regulated kinase kinase) (15). The sequential 
upstream signaling molecules to MEK are MEK kinases (MEKKs), a serine/threo- 
nine kinase, and p21''^' (16). p2P^' belongs to family of low molecular weight GTP 
binding proteins which cycles between an active GTP-bound conformation and 
an inactive GDP-bound form. Activation of p2P'*'and other low molecular weight 
GTP-binding protein such as Rho, leads to sequential activation of several 
serine/ threonine protein kinases which are involved in the activation of MAP kinase 
families (17). MAPKs phosphorylate downstream cytosolic regulatory proteins, such 
as P90"'*', and many nuclear transcription factors, such as c-Jun, ATF-2, Elk-1, CHOP, 
ClkEB, and MEF-2 (15-25). P90"'*' phosphorylates ribosomal proteins and partici- 
pates in protein synthesis (25), whereas the phosphorylation of transcription factors 
by MAPKs leads to activation of several genes involved in growth and differentia- 
tion (16). Thus, activation of the MAPK pathway can potentially results in increased 
growth, hypertrophy, gene expression and proliferation of VSMC in response to 
oxidative stress. Therefore, several investigators have examined the effect of H 2 O 2 - 
induced oxidative stress on the activation of MAPKs in cultured VSMC (26-35). 
Although, in some earlier studies no significant activation of ERK1/ERK2 was 
demonstrated in response to H 2 O 2 in VSMC (26,28,31) in subsequent studies a 
robust increase in ERK 1/2 phosphorylation was reported (27,29,30,32-35). Effect 
of H 2 O 2 on the activation of p38”"^P^, JNK/SAPK, and big mitogen activated protein 
kinase 1, (BMK1/ERK5), other members of MAPK family has also been investi- 
gated in rat aortic VSMC. Ushio-Fukio demonstrated that 200 pM H 2 O 2 caused a 
rapid (within 2 minutes) increase in p38"'''P'' phosphorylation which was sustained 
for up to 15 minutes (31). Under these conditions, however, no ERK 1/2 phos- 
phorylation was detected (31). Abe et al. were also unable to observe any signifi- 
cant enhancement in ERK 1/2 phosphorylation in VSMC treated with 200 pM 
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H 2 O 2 (28), but in subsequent studies lOGjiM H 2 O 2 was shown to stimulate ERK 
1/2 phosphorylation which peaked at 1 mM (32). These investigators also demon- 
strated a significantly enhanced phosphorylation of p38"’^^^ and JNK/SAPK (32). A 
strong phosphorylation of BMKl (ERK 5) in response to 200 pM H 2 O 2 has also 
been demonstrated (28). Interestingly, at this concentration of H 2 O 2 no increased 
phosphorylation of ERK 1/2 was observed. Studies Irom our laboratory have also 
demonstrated that as low as lOOpM H 2 O 2 enhanced the phosphorylation of ERK 
1/2 and p38"’‘‘^*' in VSMC from rat embryonal thoracic aorta (A- 10 cells) (Figure 
2). The H202-induced phosphorylation of both ERK 1/2 and p38'”‘'P^ was time- 
dependent and could be detected within 5 minutes ot H 2 O 2 treatment of cells 
(Figure 3). However, the time course of the activation was different for 2 MAPKs, 
ERK 1/2 phosphorylation remained sustained for up to 30 min and then declined 
slightly during the next 120 min (Figure 3), whereas phosphorylation of p38"'^^*' 
showed a biphasic response, with peaks at 10 min and 120 min (Figure 3). Thus it 
appears that the sensitivity of phosphorv'lation of different MAPKs in response to 
H 2 O 2 is dependent on the source ofVSMC as well as on the type of MAPK being 
studied. Rao reported that H202-induced ERK 1/2 activation was associated with 
enhanced tyrosine phosphorylation of EGF receptor as well as guanine nucleotide 
exchange factors and adapter of protein Grb2 and SOS (27). In these studies a direct 
activation of p2r'*' was also demonstrated in VSMC stimulated with 200 pM H 2 O 2 
for 30 minutes (27). Moreover, in pulmonary artery airway smooth muscle cells, 
H 2 O 2 induced activation of ERK 1/2 was associated with stimulation of MEK-1 
and c-raf activities demonstrating that all the upstream components of ERK- 
signaling cascade, i.e. ras/raf/MEK participate in this process (28-30). Since MAPKs 
can phosphorylate and activate several regulatory proteins which are intimately 
linked to gene expression, growth promotion and hypertrophy, activation of this sig- 
naling component has been implicated in mediating some of the physiological 
responses of H 2 O 2 in VSMC (36). ERK 1/2 and p38'”“'^^ might also play a role in 
smooth muscle cell migration and vascular remodeling by regulating the transcrip- 
tion of matrix metalloproteinase-9 (MMP-9) (37). 

Protein kinase B/Akt 

Protein kinase B (PKB), also known as Akt (a product of akt protooncogene) a 
serine/threonine protein kinase (38) has received much attention due to its poten- 
tial role in a myriad of physiological processes which include protein synthesis, 
glucose transport and cell survival (39). Three isozymic forms of PKB/ Akt have 
been identified, and all of which are activated by dual phosphorylation on threo- 
nine (Thr^“^) and serine (Ser^^^) (40). Phosphorylation of PKB/ Akt in thr^*’^ is cat- 
alyzed by a phosphatidylinositol 3,4,5 tris phosphate (PIP3) dependent protein 
kinase- 1 (PDK-1) (41). The protein kinase responsible for catalyzing ser"^^^ phos- 
phorylation remains uncharacterized at present but is tentatively referred to as PDK- 
2 (41). PIP3 is the product of the reaction catalyzed by phosphatidylinositol 3-kinase 
(PI3-K). PI3-Ks are heterodimeric enzymes composed of a 85kDa (p85) regulatory 
subunit and a llOkDa (pi 10) catalytic subunit. The p85 subunit contains the src 
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Figure 2. H202-induced phosphorylation of ERK 1/2 and p38"“'’‘‘. Serum-starved quiescent VSMCs 
(AlO) were treated with different concentration of H 2 O 2 for 10 min. Cell lysates were prepared, and 
an equal amount of proteins were separated on 12% SDS-PAGE. Phosphorylation of ERK 1/2 and 
p 38 mapk detected by immunoblot analysis with phospho-specific-ERK and p38'”'''''‘ antibodies (59). 
(A) ERK 1/2 phosphorylation. (B) p38™^‘‘ phosphorylation. Bottom panels represent average data 
quantified by densitometric scanning of immunoblots expressed as fold increase in phosphorylation. 
Values are the mean of ±SE for 3 independent experiments. 
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Figure 3. Time course ot' H 2 C^ 2 ~jii<^uced phosphorylation of ERK 1/2 and p38"'‘*''‘'. Serum-starv^ed 
quiescent VSMCs (AlO) were incubated with 250pM H 2 O 2 for the indicated time. Cell lysates were 
prepared, and an equal amount of proteins were separated on 12"o SDS-PACE. Phosphorylation of 
ERK 1/2 and p38'""^^ was detected by immunoblot analysis with phospho-specific-ERK and p38'”‘'''‘' 
antibodies (59). (A) ERK 1/2 phosphorylation. (B) p38’"’^'‘' phosphorylation. Bottom panels represent 
average data quantified by densitometric scanning of immunoblots expressed as fold increase in phos- 
phorylation. Values are the mean of ±SE for 3 independent experiments. 
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homology-2 (SH-2) domain and is able to interact with phosphorylated tyrosine 
residues on receptor or other docking proteins. This interaction eventually stimu- 
lates the activity of the llOkDa catalytic subunit. The catalytic subunit catalyzes the 
phosphorylation of phosphatidylinositol (PI), PI4 phosphate and PI4,5 biphosphate 
in the 3' position of the inositol ring to generate PI3 phosphate and PI3,4 biphos- 
phate, and PI3,4,5 triphosphate, respectively (42). PI3-Ks are activated in response 
to growth factors and other agents, including vasoactive peptides, and have been 
suggested to regulate a variety of cellular responses such as proliferation, differenti- 
ation, growth and cell survival (42,43). Given the importance of PI3K/PKB/Akt 
signaling in various cellular processes, effect of H 2 O 2 on PI3K and PKB activation 
inVSMC has also been investigated. InVSMC from adult rat thoracic aortas exoge- 
nous H 2 O 2 was shown to increase the phosphorylation of PKB/Akt in ser"^^^ (44). 
The phosphorylation was completely blocked by wortmannin and LY294002; two 
specific inhibitors of PI3K (44,45), implicating PI3K as an upstream mediator of 
H 2 O 2 response. Consistent with this observation, a direct activation of PI3K in rat 
A-10 VSMC treated with 200 |iM H 2 O 2 has been reported (35). In addition, similar 
to the studies of Ushio-Fukai, we have also shown that H 2 O 2 in a dose and time- 
dependent fashion stimulated the Ser"^^^ phosphorylation of PKB/Akt in A-10 
VSMC (Figure 4). The phosphorylation was evident even at the lowest concentra- 
tion of H 2 O 2 (100 pM) tested and was further enhanced by increasing the concen- 
tration of H 2 O 2 up to ImM which resulted in about 12-fold increase in PKB 
phosphorylation (Figure 3A). The PKB phosphorylation in response to 250 pM 
H 2 O 2 was transient, reaching a peak value at 10 min and then quickly declining 
within the next 60 min (Figure 3A). Since PKB/Akt has emerged as key effectors 
of survival, growth and death responses (39,43), it is possible that oxidative stress 
induced activation of this important signaling pathway contributes to various abnor- 
malities associated with vascular pathophysiology. 

Potential mechanism of MAPKs/PKB/Akt activation by H2O2 

The underlying mechanisms responsible for MAPKs or PKB/Akt activation in 
response to FI202 in VSMC have not been fully characterized. However, there are 
reports demonstrating an increased transactivation of EGF (27) and PDGF-receptor 
PTK (46), as well as Src family of PTKs such as c-src, and fyn in cells treated with 
H 2 O 2 (47,48). H 2 O 2 has also been shown to inhibit the activities of protein tyro- 
sine phosphatases (PTPases) such as PTPIB (49), and SHP-2 (50). Inhibition of 
PTPase is accomplished by oxidation of catalytically essential cysteine residue in the 
active site of PTPase (51) (Figure 5). Inhibition of cellular PTPases shifts the equi- 
librium of phosphorylation-dephosphorylation cycle by promoting a burst in PTK 
activity resulting in an increase in the tyrosyl phosphorylation of substrate proteins. 
These tyrosyl phosphorylated proteins promote the assembly of signaling modules 
responsible for activating various components of MAPKs and PI3-K signaling 
pathway (Figure 5). The activated MAPKs phosphorylate downstream regulatory 
target proteins such as p9C‘' and several transcription factors (Figure 5) leading to 
increased protein synthesis and gene expression. Similarly, PIP 3 -induced activation 
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Figure 4. Dose and time course of H202-induced phosphorylation of PKB/Akt. Serum-starved qui- 
escent VSMCs (AlO) were treated with different concentration of H 2 O 2 for lOmin (A) or incubated 
with 250 |iM H 2 O 2 for the indicated time (B). Cell lysates were prepared, and an equal amount of 
proteins were separated on 12% SDS-PAGE. Phosphorylated PKB/Akt was detected by immunoblot 
analysis with phospho-ser"* ^-specific-PKB/Akt antibody (59). Bottom panels represent average data 
quantified by densitometric scanning of immunoblots expressed as fold increase in phosphorylation. 
Values are the mean of ±SE for 3 independent experiments. 
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Figure 5. Schematic model showing potential steps in H202-induced activation of MAPK and 
PKB/Akt signaling. The transcription factors are shown inside the nucleus (Nuc). Further details are 
given in the text. Abbreviations are as follows: PTPase, protein tyrosine phosphatase; cys*, oxidised 
cysteine in the catalytic site of PTPase; R/NR-PTK, receptor protein tyrosine kinase; MAPK path- 
ways, mitogen-activated protein kinase pathways include low molecular weight GTP-binding proteins 
(ras, rho), mitogen-activated protein kinase kinase (MAPKK such as c-raf) and MAPKK (MEK); 
ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; SAPK, stress-activated 
protein kinase; NF-kB, nuclear factor kB; PI3,4,5,P3, phosphatidylinositol 3,4,5-trisphosphate; PDK 
1/2, phosphatidylinositol-dependent kinase 1/2; PKC, protein kinase C-^; PKB, protein kinase B; 
mTOR, mammalian target of rapamycin; pyO"*^, 70-kDa ribosomal S-6-kinase; p90’^^*‘, 90-kDa 
ribosomal S-6-kinase; GSK-3, glycogen synthase kinase 3; BAD, BCL-2 BCL-XL antagonist causing 
cell death; eIF-4E, eukaryotic translation initiation factor 4E; 4EBP 1, eIF-4E binding protein 1. 
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of downstream targets of PKB such as niTOR, GSK-3, FKHR, BAD, caspase 

and some forms of PKC (Figure 5) are critical effectors of cellular growth responses 
including cell cycle entry, cell division, growth, gene expression and survival (43,52). 
In addition a potential cross-talk between PI3-K and MAPK pathway has also been 
suggested (35). A possible role of Ca“^, in mediating H202-induced response has 
also been suggested because H 2 O 2 has been shown to increase Ca“^ levels in several 
cell types including VSMC (53-58). H202-stimulated changes in Ca"^ are believed 
to be mediated at least in part through a PTK-dependent (56-58) and PI3-K- 
dependent pathway involving the activation of phospholipase C gamma (PLCy) 
(56,58). However, the precise contribution of Ca"^ in stimulating MAPKs and 
PKB/Akt pathways in VSMC remains to be defined. 

CONCLUSIONS 

The results from the studies summarized in this article clearly demonstrate that H 2 O 2 
stimulates two key signaling pathways — MAPKs and PKB/Akt in VSMC. Inhibi- 
tion of PTP activities by H 2 O 2 appears to be a critical step in this activation 
response. Since several downstream targets of MAPKs and PKB/Akt are intimately 
involved in the regulations of growth, proliferation, hypertrophy, migration, survival 
and death of VSMC, the activation of these two signaling pathw^ays may have an 
important role in vascular pathophysiology due to oxidative stress. 
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Summary. In the Western World ischemic coronary disease is the leading cause of morbid- 
ity and mortality. Therapeutic approaches mostly aim to restore flow to a localized segment 
by angioplasty or bypass surgery In order to develop better and more effective therapeutic 
strategies using the powerful concept of inducing new vessel growth or by employing vas- 
cular growth factors, it is essential to further our understanding of the molecular mechanisms 
and the chain of events underlying the fascinating process of angiogenesis. Among the 
various triggers of angiogenesis, tissue hypoxia/ischemia has been identified as being a par- 
ticularly important stimulus for the induction of new vessel growth. Occlusion of a main 
coronary depletes the blood supply to the myocardium and subsequently reduces cardiac func- 
tion, which ultimately leads to heart failure. Progressive, chronic coronary artery occlusion 
has been shown to induce development of collateral arteries to reestablish and maintaiif blood 
flow to the myocardium at risk via the growth of new capillary vessels or angiogenesis. Studies 
from our laboratory as well as from others have already confirmed the protective role of 
collaterals against myocardial ischemia and cell death. We have successfully demonstrated in 
adult rat myocardium (LV) effects of hypoxia/reoxygenation on significant upregulation of 
the protein expression profiles of vascular endothelial growth factor (VEGF) and its tyrosine 
kinase receptors (Flk-1 and Flt-1) as well as other angiogenic factors such as Ang-1, Ang-2 
and their receptor Tie-2. Also, we were able to demonstrate increased capillary/arteriolar 
density, increased capillary to myocyte cross-sectional area (after 1-4 weeks and after 2 
months) and decreased coUagen volume fraction by hypoxic/ischemic preconditioning in a 
rat model of chronic myocardial infarction (MI) model. 
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1. INTRODUCTION 

Coronar^^ heart disease is the primary cause of cardiovascular death. After myocar- 
dial infarction (MI), there is a progressive myocardial remodeling characterized by 
left ventricular (LV) dilation, contractile dysfunction, myocyte hypertrophy and 
increased matrix protein formation. Ischemic preconditioning provides the most 
powerful form of endogenous protection against lethal ischemic injury. The classi- 
cal preconditioning can be induced by a variety of stimuli other than ischemia. 
Hypoxia (1-3), calcium (4), adenosine agonists (5) tt] -adrenergic agents (6), mus- 
carinic agonists (7), and stretch (8) have been used as preconditioning stimulus to 
induce tolerance of heart to the subsequent ischemic episode. Hypoxia, an element 
of ischemia, plays an important role in the cardiovascular system. First described by 
Neely and Groty'ohann in 1984 (9), hypoxic preconditioning, like ischemic pre- 
conditioning, can attenuate stunning caused by repeated coronary artery occlusions 
(1), and enhance postischemic recovery of myocardial function (2). We have recently 
showed that hypoxic preconditioning can exert potent cardioprotective effect by 
upregulating antioxidant reserve of the heart (10). Hypoxic preconditioning like 
ischemic preconditioning not only reduces the extent of infarction but also causes 
the salvaged myocardium to have better mechanical function. During the last several 
years, our laboratory has studied extensively the molecular mechanisms of precon- 
ditioning-mediated signal transduction. It was demonstrated that preconditioning- 
mediated signal transduction cascade triggered by tyrosine-kinase and coupled to 
phospholipase D leads to the activation of MAP kinases (11). Additionally, we doc- 
umented that translocation and activation of the nuclear transcription factor of p38 
MAP kinase in ischemic preconditioning resulting in the activation of MAPKAP 
kinase 2 (12). A modern experimental strategy for treating myocardial ischemia is 
to induce neovascularization of the heart by use of angiogens, mediators that induce 
the formation of blood vessels, or angiogenesis. The process of angiogenesis is 
regulated by the above mentioned signal transduction cascade triggered by the 
signals obtained from the transmembrane receptor tyrosine kinases (RTKs) and non- 
receptor tyrosine kinases (Sre family) of endothelial cells. 

Angiogenesis is known to be the body’s natural healing process in which new 
blood vessels grow in response to injury. Therefore it is extremely important to 
develop the body’s natural angiogenic process in order to create collateral circula- 
tion in areas where blocked coronary arteries deprive the heart muscle of sufficient 
blood flow e.g. in the settings of chronic myocardial ischemia. Development of 
coronary collateral circulation is the heart’s own bypass mechanism by which it 
retains the blood supply to the myocardium at risk (13—16). 

Angiogenic therapy for the human heart is currently being vigorously pursued. 
In the past ten years, alternative revascularization/angiogenesis strategies have pro- 
gressed from bench to bedside, focussing on the capillary sprouting and/or growth 
of new vessels to replace the old. However most of the strategies involves the deliv- 
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ery of growth factors. Very little success with these strategies has been demonstrated 
so far for various reasons. Very recently, we have demonstrated that both hypoxic as 
well as ischemic preconditioning can stimulate myocardial angiogenesis to an extent 
sufficient to exert significant cardioprotection in a rat model of myocardial infarc- 
tion progressing to heart failure as evidenced by increased capillary/arteriolar density 
and enhanced ventricular contractile functional reserve. 

2. PRECONDITIONING MEDIATED ANGIOGENIC RESPONSE IN THE HEART 
A. Ischemic preconditioning 

Ischemic preconditioning mediated angiogenesis and growth factors/receptors stim- 
ulation for cardioprotection is a very novel approach and potentially very exciting 
therapeutic strategy. Preconditioning of heart by repeated ischemia and reperfusion 
has been found to delay the onset of subsequent irreversible ischemic injury (17). 
It is well known that preconditioning provides cardioprotection by reducing subse- 
quent post-ischemic ventricular dysfunction, decreasing incidence of arrhythmias 
and infarct size. Such myocardial preservation by repeated short-term reversible 
ischemia leads to the development of the concept of stress adaptation (18). After 
myocardial infarction (MI), development of left ventricular (LV) enlargement occurs 
and this process is known as postinfarction ventricular remodeling. Ventricular 
remodeling is known to be affected by several factors. One major factor is the infarct 
size, which is limited by the presence of collateral vessels. Capillary density becomes 
lower in the border zone than in the remote areas of the infarcted ventricle (19). 
Ischemia or coronary artery occlusion has been shown to induce VEGF mRNA in 
rat hearts (20). VEGF is a well-known endothelial cell-specific angiogenic factor and 
also a critical regulator of angiogenesis that stimulates proliferation, migration, and 
proteolytic activity of the endothelial cells (21). Additional report suggested VEGF- 
induced expression of Bcl-2, which eventually functions to enhance the survival of 
endothelial cells in the toxic, oxygen-deficient environment (21). Substantial evi- 
dence exists to support the notion that oxygen-derived free radicals are generated 
during the reperfusion of ischemic myocardium resulting in the development of 
oxidative stress (22). Ischemia was found to induce angiopoietin/Tie receptor system 
in a focal cerebral ischemia model (23). Myocardial adaptation to ischemic stress in 
stunned pig myocardium demonstrated the induction of c-jun, c-fos, Egr-1 and 
jun-B that may be involved in repair process of angiogenesis (24). Adenosine is 
known to limit the degree of vascular injury during ischemia and reperfusion by 
inhibition of oxygen free radical release which prevents endothelial ceU damage and 
that might help to preserve endothelial cell function and microvascular perfusion 
(25). In our ischemic preconditioned rat myocardial infarction model, we were able 
to induce angiogenesis after preconditioning. Recently our study demonstrated that 
in vivo brief repetitive cycles of coronary artery occlusion (5 min) followed by short 
duration of reperfusion (10 min) triggered myocardial angiogenesis at the capillary 
and arteriolar levels, which nicely corroborated with the improved myocardial con- 
tractile function (26). 
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B. Hypoxic preconditioning 

There are numerous reports on the effects of environmental hypoxic exposure on 
cardiac pathophysiology. Hypoxia is characterized by inadequate oxygen delivery to 
the tissue such as myocardium with a resulting imbalance between oxygen demand 
and energy supply The possibility that such hyoxic exposure can potentially act as 
a preconditioning stimulus, however, has not been adequately considered. A strong 
resemblance exists between the patterns of acute stress response induced by 
hypoxia/reoxygenation, ischemia/reperflision or any means of generating ROS. 

Hypoxia has been found to be the strongest inducer both in vitro and in vivo, 
of vascular endothelial growth factor (VEGF) which serves as a major angiogen in 
normal cardiac development (27,28). Tissue hypoxia exerts a proangiogenic action 
through various angiogenic factors, the most notable being vascular endothelial 
growth factor (VEGF). VEGF is mainly associated with initiating the process of 
angiogenesis through the recruitment and proliferation of endothelial cells VEGF, a 
protein coded by a 7-exon gene localized on chromosome 6, serves as a major 
angiogen in normal cardiac development (29). We found that non-lethal moderate 
hypoxic challenge is capable of increasing protein levels of important angiogenic 
factors and their receptors in the adult rat myocardium. Immunohistochemical 
analysis of VEGF revealed a diffuse pattern of distribution throughout the ventric- 
ular myocardium with strong localization around the coronary arterial wall where 
both coronary endothelium as well as vascular smooth muscle appeared to stain pos- 
itive for VEGF (30). Hearts obtained from rats, which had been subjected to hypoxia 
followed by a 24 hour period of reoxygenation, displayed a progressive increase in 
intensity of staining for VEGF with increasing durations of hypoxia. Although higher 
in intensity as compared to control, the distribution pattern remained diffuse and 
there were no observable areas of localization around capillaries. However, VEGF 
remained strongly localized around the coronary arteries. VEGF migrated in SDS- 
PAGE as a dimer of approximately 40KDa and a monomer of 20kDa only (30). 
The expression patterns of the two VEGF forms seem similar although the level of 
the expression pattern seems significantly higher in the case of VEGF dimer. Sig- 
nificantly increased VEGF expression (about 50% compared to the control) was 
observed within 30 min of hypoxic challenge which remained upregulated at the 
same level even after 4hrs of hypoxia. VEGF receptors, Flk-1 and Flt-1 were also 
found to be upregulated by hypoxic preconditioning (30). Recently we have 
demonstrated for the first time that hypoxic preconditioning induced by whole body 
hypoxia/reoxygenation induces myocardial angiogenesis in a rat model of myocar- 
dial infarction as evidenced by increased capillary/arteriolar density and blood flow 
(31). Our finding also documented increased VEGF expression along with decreased 
endothelial apoptosis during hypoxic adaptation. Several recent studies have shown 
that hypoxic preconditioning, like ischemic preconditioning, can attenuate post- 
ischemic ventricular dysfunction caused by stunning (31,32). Although the exact 
mechanism of preconditioning is under considerable debate, there is a general agree- 
ment that myocardial preservation is achieved through biphasic intrinsic mechanism. 
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The early effect is most likely to occur through the modulation of intracellular sig- 
naling mechanism, and the late effect is believed to be mediated by the gene expres- 
sion (33) and protein synthesis. 

Cellular injury occurs both during hypoxia and after reoxygenation. It was 
observed that brief hypoxia followed by reperfusion causes more damage at the 
cellular level than with more prolonged hypoxia alone. A major component of 
hypoxia induced death was due to apoptosis, as observed by DNA laddering (34). 
Hypoxic preconditioning induced VEGF and increased capillary density in the 
hypoxic preconditioned group even before MI (HS). The relative time course of 
protein expression in response to hypoxic preconditioning, as indicated from our 
previous experiment (30), seems to suggest the involvement of the VEGF system as 
well as Ang-Tie system in the early angiogenesis. Examination of non-MI left 
ventricle (border zone tissue) by anti-CD31 revealed significant increase in the 
capillary density in the hypoxic preconditioned group (HS) (1814 ± 56 vs. 1642 ± 
43 counts/mm^) compared to the control non-hypoxic group (CS) confirming that 
modulation of angiogenic factors and their receptors by hypoxia/ reoxygenation was 
able to stimulate capillary proliferation evan in the non-MI animals. The increased 
capillary density was maintained in hypoxic preconditioned rat hearts subjected to 
LAD occlusion (HMI) even after 2 months of post-operation when compared to 
the corresponding sham-operated and non-hypoxic preconditioned controls sub- 
jected to LAD occlusion (CMI) groups (Figure 1 and Figure 2). Capillary density 
was determined by counting (superimposed grid overlay technique) CD-31 posi- 
tive structure. The capillary density to myocyte ratio (C/M) was found to be 
increased significantly even after 2 months in the non-ischemic (area at risk) zone 
(Figure 3). The increase in C/M ratio increases the oxygenation of the surviving 
tissue. Thus this phenomenon seems beneficial to the living tissue. Arteriolar 
counts (purple color) for each field in the same region was averaged to yield the 
value of the particular density measurement. The arteriolar density was significantly 
elevated in the HMI group after 1 week post-op (2.23 ± 0.12 HMI vs. 1.53 ± 
0.02 counts/mm^ in CMI) and also after 2 and 3 weeks post-op in the HMI group 
compared to the CMI group (Figure 4). The increased arteriolar level remained 
significantly high in HMI compared to the CMI group even after 2 months 
(Figure 5). In our experimental set up, increased VEGF in HMI (33% after 1 week 
and 64% after 3 weeks of hypoxic preconditioning) probably potentiate a survival 
signal to reduce the extent of apoptosis associated with myocardial infarction when 
compared to the non-preconditioned CMI group of animals (31). This phenome- 
non perhaps accelerated the capillary and arteriolar density and increased regional 
myocardial blood flow in the hypoxic preconditioned myocardium after coronary 
occlusion. The extent of infarction was also reduced with 24hrs after coronary 
occlusion and the amount of viable myocardium was more abundant in HMI group 
compared to the CMI group. Possible mechanisms to salvage infarcted myocardium 
in the HMI group compared to the CMI group may be due to increased VEGF 
expression which increases flow through the artery, opening of latent collateral 
vessels by its vasodilating effect, induction of vascular growth and direct cellular 
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Figure 1. Left Ventricular Endocardial Capillars’ Densirs’. Tissue sections from 2, 4 days and 1, 2, 3 
weeks were processed for CD31 staining and 8 non-overlapping random fields were selected from 
endocardial regions of non-infracted of the left ventricle of two sections from each hearts (16 fields 
per region per heart, 64 fields per region per group, magnification of 400x were used, n = 6). Images 
were captured and stored m digital tiff file format for image analysis. Rats randomly assigned to 
various experimental groups (n = 12) were subjected to LAD ligation following different exposure 
protocols. CMI group: Normoxia + LAD occlusion. HMI group; Hypoxia/Reoxvgenation + LAD 
occlusion; Rats which were randomly assigned to next two groups served as the respective sham- 
operated controls for groups CMI and HMI, respectively. C'S group: Normoxia + Sham surgery; HS 
group: Hypoxia/Reox\’genation + Sham surgery. Where *P < 0.01, compared with Sham Operation; 
tP < 0.01, compared with CMI; §p < 0.05, compared to CS. (Data from Sasaki et al. [31] with 
permission). 



protection against ischemia as we have observed by reduced endothelial apoptosis. 
All these parameters, no doubt significantly protects the cardiac function in the HMI 
group compared to the CMI group of animals. Thus, our result suggests that a rela- 
tionship exists between programmed cell death (endothelial) and blood flow, and 
such relationship is dependent on the level of survival factor VEGF (31). Existing 
evidence indicates expression of a number of growth factors by hypoxia that influ- 
ence vascular endothelial cell viability (35). Furthermore, it was suggested that in 
the abnormal regression of retinal capillaries (due to hypoxia), VEGF acts as a sur- 
vival factor and can prevent the apoptosis associated with regression (36,37). Thus 
VEGF isoforms are considered as the prime candidates for circulating survival 
stimuli. 

Pharmacological cardiac stress testing with dobutamine proved successful in effec- 
tively revealing the ability of hypoxic preconditioning to exert a pronounced and 
significant long term effect in maintaining LV contractile reserve even after 2 months 
(Figure 6). Hypoxic preconditioning was also able to reduce the extent of myocar- 
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Figure 2. Left ventricular capillary density (Endocardial). The increased capillary density was main- 
tained in HMI group even after 2 months of post-operation when compared to the corresponding 
sham-operated and CMI groups. Sections processed for CD31. '*^p < 0.05 compared to CMI, fp < 
0.05 compared to sham. 



O 




2 months (Duration after operation) 



Figure 3. Capillary to myocyte ratio of endocardium (area ar risk) subjected to hypoxia and nor- 
moxia followed by LAD occlusion in rat. Where HS = Hypoxia followed by sham operated; 

CS = Control, sham operated; Normoxic control, LAD occluded, HMI = hypoxic, LAD occluded, 
*p < 0.05 compared to sham; fp < 0.05 compared to CMI. 



dial infarction significantly in the permanent LAD occluded group and also demon- 
strated a significantly enhanced level of contractile function and increased blood 
flow. These results, also demonstrate that hypoxic preconditioning was not only able 
to increase capillary and arteriolar density but it also helped them to remain more 
functional than the corresponding CMI group. 
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Figure 4. Left: ventricular endocardial Arteriolar Densit\-. Left ventricular tissue sections from 2, 4 
days and 1-3 weeks were labeled using monoclonal anti-smooth muscle actin and 8 non-overlapping 
random fields were selected from endocardial region of the left ventricle. Where < 0.01, 
compared with Sham Operation; fP < 0.01. compared with CMI. (Data from Sasaki et al. [31] with 
permission). 




Figure 5. Left ventricular endocardial Arteriolar Density after 2 months. The arteriolar density 
remained significant in HMI group compared to the CMI group. *p < 0.05 compared to sham; 
tp < 0.05 compared to CMI. 
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Figure 6. Dose Response Curves of dp/dt max during Dobutamine Stress Test. Changes in dp/ 
dtmax in mm of mercury per second (mmHg/sec) from baseline with increasing dobutamine boluses 
(0-5 pg/kg/min) in 2 months MI hearts. The dose response curve for dobutamine for the various 
doses were tested for significant differences by repeated measure ANOVA. Difference were considered 
significant at p < 0.05. Where ^p < 0.01 compared to Sham, fp < 0.01 compared to CMI. 



3. INVOLVEMENT OF ANGIOGENIC FACTORS 

A. Vascular endothelial growth factor (VEGF) 
and its tyrosine kinase receptors 

The process of angiogenesis is regulated by the signals obtained from the trans- 
membrane receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (Src 
family) of endothelial cells. Flk-l/KDR and Flt-1 are two such RTKs. which 
together with their ligand VEGF, have been shown to control blood vessel devel- 
opment during embryogenesis (28,38). This receptor/ligand system has been shown 
to augment neovascularization (39,40). VEGF is not only an endothelial cell- 
specific angiogenic factor but also a critical regulator of angiogenesis that stimulates 
proliferation, migration, and proteolytic activity of endothelial cells (20). Yet the sig- 
naling pathways that modulate the mitogenic effects ofVEGF in vascular endothe- 
lial cells are still ill defined (41). A recent study demonstrated VEGF localization 
and expression in the embryonic/fetal heart and remained high during the early 
postnatal period when capillary proliferation is high (42). It is now well established 
that alternate exon splicing of a single VEGF gene results in the generation of four 
different molecular species, having 121, 165, 189, and 206 amino acids following 
signal sequence cleavage. VEGF 165 is the predominant molecular species produced 
by a variety of normal and transformed cells. Transcripts encoding VEGF 121 and 
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VEGFih 9 are detected in the majority of cells and tissues expressing theVEGF gene 

(43) . Among the mechanisms that have been proposed to participate in the regula- 
tion ofVEGF gene expression, oxygen tension is a particularly important mediator, 
both in vitro and in vivo. VEGF mRNA expression is rapidly and reversibly induced 
by exposure to low p02 in a variety of normal and transformed cultured cell types 

(44) . Also, ischemia caused by occlusion of the left anterior descending coronary 
artery results in a dramatic increase in VEGF mRNA levels in the pig and rat 
myocardium, suggesting the possibility that VEGF may mediate the spontaneous 
revascularization that foUows myocardial ischemia (45). 

VEGF is a potent vascular endothelial cell specific mitogen that stimulates 
endothelial cell proliferation, microvascular permeability, vasodilatation, and angio- 
genesis (46,47). VEGF is the only growth factor proven to be specific and critical 
for blood vessel formation (48). VEGF has also been shown to improve endothelial 
cell function and survival in vitro and vascular reactivity in vivo. (49). 

Flt-1 (VEGFR-1) and Flk-l/KDR (VEGFR-2) are the endothelial specific tyro- 
sine kinase receptors of VEGF through which its effects are primarily mediated 
(50,51). Two other angiogenic factors, the angiopoietins 1 and 2 (Ang-1 and Ang- 
2), have been found to regulate the maturation of new blood vessels from the 
proliferated endothelial cells (52). Tie-1 and Tie-2 comprise another family of 
endothelial specific receptor tyrosine kinases, Ang-1 and Ang-2 being the specific 
ligands for Tie-2. 

It has been well established that expression of VEGF, Flt-1 and Flk-1 is upregu- 
lated in response to hypoxia in vitro and in vivo (53) and to ischemia in vivo (54). 

Tissue hypoxia has been identified as being a particularly important stimulus for 
triggering angiogenesis. We demonstrated early effects of hypoxia/reoxygenation 
(Fl/R) on the protein expression profiles and localization patterns of the VEGF and 
Angiopoietin-Tie systems in adult rat myocardium. Western blot as well as immuno- 
histochemical analyses were performed on hearts obtained from rats exposed to 
various duration’s of in vivo systemic hypoxemic hypoxia followed by 24 hr reox^'- 
genation. The relative time course of protein expression in response to increasing 
duration’s of hypoxia, as indicated from our experiments, seems to suggest the 
involvement of theVEGF system and the Ang-Tie system in early angiogenesis. An 
apparent relationship between the expression profiles of Flk-1 and Ang-2 was 
observed. The most significant and interesting relationship which came to light 
was the surprisingly coincident yet opposite temporal trends between Ang-1 and 
Ang-2 protein levels. In the 1 hr hypoxia group, there was significant induction of 
Ang-2 expression (31.3% compared to its baseline control) in contrast to relatively 
mild Ang-1 expression (23.8% compared to its baseline control) (30). Thereafter 
Ang-1 displayed a progressive increase in expression, parallel to a progressive decrease 
in Ang-2 expression, becoming most pronounced in the 4 hr hypoxia group 
(Ang-1 50% and Ang-2 12.6% compared to respective baseline control values). This 
suggests that despite their being antagonists at the receptor level, regulation of 
Ang-1 and Ang-2 protein levels in response to hypoxia runs much deeper and seems 
to indicate modulatory control at the transcriptional and/or translational level. Two 
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additional groups of rats were sacrificed 7 days after 4 hr hypoxia +24 hr reoxy- 
genation, or after a 28 hr period of time-matched normoxia. Left ventricular tissue 
sections were used to determine capillary density (CD) by using anti-CD31 
immunohistochemistry and computer-assisted morphometry CD was significantly 
increased in the 4 hr hypoxia group compared to control (1814 ± 56 vs. 1642 ± 
43 counts/mm^) confirming that modulation of angiogenic factors and their recep- 
tors by H/R is capable of stimulating capillary proliferation in the myocardium. 
Our study presents the first evidence for the Ang-Tie system’s involvement in early 
stages of myocardial angiogenesis along with the VEGF-Flk-l-Flt-1 system. The 
stimulation of myocardial angiogenesis by H/R may constitute a potential basis for 
a possible more long-lived adaptive response to stress afforded by preconditioning 
stimuli. 

B. Transcription factors (NFkB, AP-1 and SP-1) 

Several transcription factors, including HIF-1 (55), AP-1 (56), and NFkB( 57), are 
known to be regulated by hypoxia. The activated form of NFkB is heterodimer and 
which consists of two proteins, a p65 subunit and a p50 subunit. In normal cells 
NFkB is maintained in the cytoplasm by protein-protein interaction with inhibitor 
IkappaB. Recently it was demonstrated in mice model that NFkB activation is 
obligatory for retinal angiogenesis and it was also documented that the administra- 
tion of pyrrolidine dithiocarbamate (PDTC) suppressed retinal neovascularization 
(58). In another study, it was documented that hypoxia/reoxygenation, and not 
hypoxia alone, can cause formation of reactive oxygen species (ROS) and the acti- 
vation of the NFkB both of which were inhibited by ROS-scavengers, and was 
accompanied by inhibition of tube formation in angiogenesis. Therefore, in clinical 
setting of hypoxia/reoxygenation during ischemic pre-conditioning, the activation 
of ROS-dependent intracellular signaling may accelerate the rate of neovasculariza- 
tion also in vivo. (59). Hypoxia has been shown to induce NFkB activation and 
increased IL-8 as well asVEGF gene expression in glial cells in vitro. Furthermore, 
PDTC, a very specific inhibitor of NFkB, prevented the induction of IL-8 gene 
expression, but had no effect on the VEGF gene in in vitro study. This finding sug- 
gested that IL-8 gene is induced by hypoxia and mediated by NFkB may contribute 
to the pathogenesis of intraoccular neovascularization (60). 

The AP-1 binding complex consists of either Jun-Fos heterodimers or Jun-Jun 
homodimers (61). Several studies have shown that AP-1 and NFkB are differentially 
activated by oxygen tension. Several potential binding sites for the transcription 
factors AP-1, AP-2, and SP-1 are localized in the VEGF gene promoter (62). TNFa 
or bFGF appears to stimulate expression of the VEGF gene through SP-1 on its 
promoter (37). Among eight human glioma cell lines, cellular mRNA levels of tran- 
scription factors SP-1 and AP-1 were found to be closely correlated with those of 
VEGF (63). In vitro studies already documented the involvement of transcription 
factors in tubular morphogenesis of human microvascular endothelial cells by oxida- 
tive stress (64). The H 2 O 2 induced tubular morphogenesis in HUVEC was blocked 
by the coadministration of NFkB anti-sense oligonucleotides. In another study. 
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Figure 7. Gel shift analysis for NFkB after normoxia (A) , 4 hr hypoxia (B) and after hypoxia (4 hr) 
and reoxygenation (2hrs) (C). Significant increase in NFkB DNA binding was observed in the 
hypoxia/reoxA'genated rat myocardium (B) compared to normoxic (A) and hypoxic hearts (B). 

NFkB antisense oligonucleotides reduced ceU adhesion and tumorigenicity result- 
ing in tumor regression in the mouse model (65). In our rat model, the hypoxia/ 
reoxygenation induced myocardial angiogenesis, as measured by CD-31 labeling, 
was inhibited by the intraperitoneal injection of PDTC prior to hypoxia (66). It is 
already documented that hypoxia/reoxygenation, but not hypoxia alone, caused the 
production of ROS and thereby activated NFkB (67,68). In consistent with 
these previous reports, DNA binding activity of NFkB remained almost at the 
baseline level when rats were subjected to hypoxia only. In contrast, when the 
rats were subjected to hypoxia followed by reoxygenation, significant amount of 
NFkB DNA binding activity was observed in the rat myocardium (Figure 7). This 
study provides evidence for direct involvement of ROS and ROS mediated signal- 
ing via NFkB in vivo in myocardial angiogenesis. NFkB inhibitor, PDTC was found 
to have no influence on the upregulation of VEGF protein expression by 
hypoxia/reoxygenation (Figure 8). This documents that VEGF is upstream of NFkB 
and may therefore involve in the activation of NFkB. 

C. Involvement of nitric oxide 

Nitric oxide (NO) plays a significant role in intracellular signaling process in car- 
diovascular as well as in other systems. NO is an unique messenger in that it is 
produced in one cell and diffuses into adjacent target cells to activate cytosolic 
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Figure 8. Western blot analysis forVEGF in the hypoxic preconditioned (various duration) hearts 
followed by reoxygenation. Diethyldithiocarbamate (DDTC), NFkB inhibitor was injected to the rats 
before hypoxia/reoxygenation. The VEGF protein expression was significant compared to the nor- 
moxic control (BE). DDTC was found to have no influence on the VEGF protein expression. Where 
BE = Normoxic control, HI = 1 hr hypoxia/24 hrs reoxygenation, H2 = 2hrs hypoxia/24 hrs reoxy- 
genation, DH2 = DDTC + 2 hrs H/24hrs reoxygenation, H4 = 4 hrs hypoxia/24 hrs reoxygenation, 
DH4 = DDTC + 4 hrs H/24hrs reoxygenation. 



guanylatecyclase bound heme to generate the NO-heme adduct of guanylate 
cyclase. NO can readily react with other cellular hemoproteins such as hemoglo- 
bin and myoglobin to produce corresponding NO-heme adducts which can rapidly 
activate guanylate cyclase (69). 

Several in vitro studies directly established the role of NO in angiogenesis (70). 
Treatment of HepG2 cells with NO donor SNAP was found to increase VEGF 
mRNA expression. Guanylate cyclase is likely to be important for NO-mediated 
VEGF activation (71). There is also a considerable evidence that NO downregu- 
lates the expression of VEGF gene (72). In spite of several negative observations, 
activation of angiogenesis in mammalian (human) monocytes is believed to be 
NO-dependent (73). Indeed, several studies have documented that NO-generating 
compounds stimulate angiogenesis in human glastoma and hepatoma cells (71). A 
positive correlation was found between nitric oxide synthase, cGMP levels, and 
tumor angiogenesis in head and neck cancer (74). However, the role of NO in 
angiogenesis is still controversial. For example, NO donors were found to inhibit 
angiogenic activity in the chick chorioallantoic membrane (75) and the growth and 
metastatic properties of the Lewis lung tumor in mice (76). In addition, NO donors 
were found to inhibit VEGF expression in the arterial wall in response to balloon 
angioplasty (77), and in rat lungs during acute and chronic hypoxia (78). Transfer 
of eNOS (79) and iNOS (80) genes resulted in the inhibition of restenosis after 
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balloon angioplasty. In contrast, a recent study showed L-arginine supplementation 
after balloon angioplasty of rabbit iliac arteries was beneficial for healing of endothe- 
lium demonstrating positive role of NO in angiogenesis (81). Human colon cancer 
cell lines transfected with a NOS-gene were found to grow taster and more vas- 
cularized than the normal cell lines in vivo (82). NO was also found to enhance 
the proliferation and migration of endothelial cells in vitro (70). Thus, a significant 
number of studies demonstrated that NO may stimulate the proliteration of 
endothelial cell while others failed to prove such a mechanism and suggested an 
inhibitory effect of NO on endothelial proliferation. 

Recent studies have demonstrated that eNOS/NO plays an important role in 
many VEGF-induced actions. VEGF has been shown to induce the production of 
nitric oxide (NO) from rabbit, pig, bovine, and human vascular endothelial cells 
(83). Hypoxic preconditioning followed by LAD occlusion was found to induce 
eNOS protein expression in rat left v^entricular myocardium (HMI) compared to 
non-hypoxic control MI rat (CM I) after one day (Figure 9) that lead to increased 
capillary and arteriolar density in the left ventricle (see Figure 1-5). The Inhibition 
of NO production by eNOS inhibitors significantly inhibited VEGF-induced mito- 
genic and angiogenic effects (84). Endothelial NOS/NO has been implicated as one 
of the important mediators for VEGF-induced hemodynamic changes and micro- 
vascular permeability. Although eNOS was originally described as a constitutive 




Figure 9. Western blot analysis of eNOS (endothelial nitric o.xide synthase) expression at day 1 ot 
LAD occlusion. HMI group demonstrated significant increase in the eNOS expression compared to 
the CS, HS and CMI groups. 
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enzyme. Recent studies indicated that a variety of stimuli including hypoxia, shear 
stress, inflammatory cytokines, high glucose, and injury could modulate eNOS 
expression and activity (85). In vitro experiments have shown that activation of 
KDR induces proliferation and migration of endothelial cells as well as expression 
of eNOS and iNOS (86). So far, the role ofVEGF receptors in the release of NO 
remains controversial. In human placental trophoblast it has been suggested that Flt- 
1 can induce the release of NO (87). The precise signaling pathways that mediate 
those responses have not yet been elucidated; however, phospholipase D and nitric 
oxide synthase have been identified as key enzymes activated by VFGF These 2 
enzymes have been shown to depend on protein kinase c (PKC) and its down 
stream mitogen activated protein kinase (MAPK) activation (88). Many studies 
showed that the effects of preconditioning are mediated by PKC, MAPKs and redox 
regulated transcription factors such as NFkB and STAT 1 activation. Among 10 
PKC isoforms, PKC a, 5, 8 and zeta isoforms are expressed in rat myocardium. 
Several groups have demonstrated that either PKC delta or PKC epsilon is required 
for the protective effect of preconditioning in rat myocardium. Inhibition of PKC 
activity with the chemical inhibitor calphostin prevents VFGF induced vascular 
growth (89) but the role of specific isoenzymes in the processes that constitute 
angiogenesis is unknown, because the specificity of most PKC inhibitors for indi- 
vidual isoenzymes has not been established. 

4. INVOLVEMENT OF SURVIVAL PATHWAY 
A. Phosphatidylinositol 3 OH-kinase (PI-3 Kinase) and AKT 

Formation and regression of new vessels or angiogenesis are highly regulated 
processes in which the growth and death of endothelial cells play critical role. 
Recent studies documented the involvement of VFGF in cell-survival signaling (90). 
Experimental evidence has suggested that regulation of endothelial cell apoptosis 
may be an essential mechanism to maintain angiogenesis in vivo. Exposure of 
endothelial cells to TNF-a induces apoptosis. However, when the same culture was 
treated simultaneously with VFGF resulted in a dose dependent inhibition of apop- 
tosis (91). Therefore it seems that VFGF, in addition to its action as an endothelial 
cell mitogen, also exerts a protective effect, inhibiting apoptosis in vascular endothe- 
lial cells. In vivo, VFGF functions as a survival factor for microvascular endothelial 
cells, specifically when apoptosis is induced by hyperoxia (36). Failure of angiogen- 
esis has been directly linked to the advent of endothelial cell apoptosis. 

These report points out that enhanced level ofVEGF may have some role in the 
inhibition of endothelial cell apoptosis. Another very recent investigation was that 
VFGF a potent promoter of angiogenesis, upregulates the expression of the intra- 
cellular adhesion molecule- 1 (ICAM-1) through a novel pathway that includes phos- 
phatidylinositol 3 OH-Kinase (PI3-K) and AKT resulting in the migration of brain 
microvascular endothelial cells. It was found that in vitro VFGF treatment phos- 
phorylates AKT in a PI3-K-dependent manner (92). The PI3-K/AKT pathway 
appears to be a general mediator of cytokine induced survival and anti-apoptotic 
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ApoptoUc cells 




Baseline Control (CMI) Hypoxic-PC (HMI) 



Figure 10. The sections (4|iin) were assayed for in-situ terminal transterase labeling (TUNEL) using 
Apop Tag® Plus (Oncor Inc.. Gaithersburg. MD). Negative control slides were processed with the 
TdT enzyme excluded. The slides were first stained with a peroxidase-conjugated sheep polyclonal 
anti-digoxigenin antibodies and diaminobenzidine and with methyl green as a counterstain. For the 
detection of endothelial cell apoptosis, the serial sections were first stained by TUNEL with fluores- 
cein isothiocyanate (FITC) and then incubated with polyclonal rabbit anti-von Willebrand factor 
antibodies (Dako Japan, Tokyo japan) followed by incubation with tetrarhodamine isothiocyanate 
(TRITC)-conjugated goat anti-rabbit IgG (Dako Japan). FITC' and TRITC fluorescence were viewed 
with a confocal laser microscopy (Fluo View, Olympus Co, and Tokyo, Japan). The number ot 
TUNEL-positive endothelial cells was counted on 60 high power fields (magnification x6(H)) trom the 
endocardium through the epicardium of the left ventricular free wall. TUNEL assay for apoptotic 
endothelial cells were performed on confocal laser microscopy. Representative photomicrographs of 
two week after LAD occlusion, showing immunohistochemical staining of extended DNA. Where 
Baseline = Normoxic control; Gontrol = Non-hypoxic hearts subjected to LAD occlusion (C.MI); 
Hypoxic PC (HMI) = rats were exposed to Hypoxia/reoxygenation (4hrs hypoxia followed by 24hrs 
of reox\^genation) followed by LAD occlusion. Note that apoptotic endothelial cells are lying on the 
luminal surface of the coronary vessels. Magnification xl2()(>. 



signals. Recently, pro-apoptotic factor, BAD, was reported to be phosphorylated by 
activated AKT on a serine residue causing BAD to dissociate from BCL-Xl. No in 
vivo study have been done so far to investigate the involvement of PI3K/AKT 
pathway and endothelial cell survival. Another recent study reported inhibition of 
endothelial cell apoptosis by Ang-1 via the Akt/survivin pathway, which contributed 
Ang-1 mediated stabilization of vascular structures during angiogenesis (93). 
Recently we have shown that hypoxic preconditioning accelerates tubular mor- 
phogenesis along with the activation of reactive oxygen species-inducible NFkB, 
PI3-kinase and broad spectrum anti-apoptotic protein survivin in human coronary 
arteriolar endothelial cells (HCAEC). The formation of tubular morphogenesis was 
inhibited by using the PI3-kinase and NFkB antagonists LY294()02 and SN50 
respectively along with increased apoptosis in HCAEC. These data demonstrate a 
crucial role of PI3-kinase/Akt/NFKB signaling in tubular morphogenesis of 
HCAEC triggered by hypoxic preconditioning (94). In vivo study from our 
laboratory also demonstrated significant inhibition of endothelial cell apoptosis in 
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hypoxic preconditioned hearts (HMI) when compared to the non-hypoxic control 
rat MI hearts (CMI) (Figure 10) (31). It is also reported that activation of the MAPK 
pathway together with inhibition of SAPK/JNK activity by VEGF appears to be a 
key event in determining whether an endothelial cell is going to survive or will 
undergo programmed cell death. 

B. Anti-death gene: Bcl-2 and Survivin 

Recent report suggested VEGF-induced expression of Bcl-2, which eventually 
functions to enhance the survival of endothelial cells in the toxic, oxygen-deficient 
environment (21). VEGF induced angiogenesis has been found to be associated with 
enhanced cell survival in human umbilical vein endothelial cells in vitro (36). This 
effect is thought to be due to a reduction in apoptotic endothelial cell death 
increased expression of the anti-apoptotic protein Bcl-2 and reduced expression of 
the pro-apoptotic protein caspase 3 are possible biochemical mediators of such effect 
of VEGF. Furthermore, it has been suggested that in the abnormal regression of 
retinal capillaries, VEGF acts as a survival factor and can prevent candidates for cir- 
culating survival stimuli (37,42). Most potent angiogenic activity ofVEGF was found 
by its ability to induce the expression of Bcl-2 in endothelial cells. This over expres- 
sion of anti-death protein Bcl-2 might potentiate the ability of endothelial cells to 
differentiate into functional blood vessels. The most crucial information about the 
role of Bcl-2 in angiogenesis was obtained from the implantation of HDMEC- 
Bcl-2 (human dermal microvascular endothelial cells overexpressing Bcl-2) in SCID 
mice. 

The results of our study also documented (unpublished) that ischemic pre- 
conditioning potentiates angiogenesis by increasing both capillary and arteriolar 
density through the upregulation of angiogenic factor VEGF and anti-apoptotic 
protein Bcl-2. It, thus appear that myocardial adaptation by intermittent ischemia is 
a highly promising approach to induce angiogenesis in a rat model of myocardial 
infarction. 

Another anti-death protein, Survivin, a recently described inhibitor of apoptosis, 
also plays a significant role in the process of cell proliferation in human hepatocel- 
lular carcinoma (95). Survivin is the smallest member of the lAP gene family. It is 
expressed in several apoptosis-regulated fetal tissues, including lung, liver, heart, and 
gastrointestinal tract (95). Activation of survivin was found to inhibit caspase-3 activ- 
ity (95). The inhibition of endothelial cell apoptosis during angiogenesis may occur 
simultaneously through diverse pathways, which might involve mitochondrial 
integrity by bcl-2 and suppression of caspase activity by survivin (96-98). 

It was demonstrated that angiopoietin-1 (Ang-1) presumably acting via Tie-2 
tyrosine kinase receptor, is capable of preventing endothelial cell apoptosis by acti- 
vating Akt, a critical survival messenger. In addition, Ang-1 also can up-regulate the 
broad-spectrum apoptosis inhibitor, survivin (93). Thus, inhibition of endothelial cell 
apoptosis by survivin expression may have significant clinical significance in the 
realm of angiogenesis by improving endothelial cell viability. 
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5. CONCLUSION 

A moderate hypoxic/ischemic exposure is capable of imparting a state of height- 
ened myocardial preparedness to better enable it to mount a more aggressive salvage 
angiogenic response in the face of a later more severe hypoxic or ischemic chal- 
lenge, is an obvious question. Further studies are necessary utilizing hypoxic/ 
ischemic preconditioning to promote myocardial angiogenesis in experimental 
models of chronic myocardial infarction and heart failure that will help in the char- 
acterization and identification of promising target candidates for gene therapy to 
achieve clinically relevant myocardial angiogenesis. 
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Summary, The pathogenesis of myocardial ischemia depends on the factors that upset the 
balance between myocardial oxygen supply and demand. Arachidonic acid accumulation in 
the ischemic myocardial tissue, its release and subsequent metabolisation into several classes 
of eicosanoids and lipid peroxides occurs simultaneously with the development of myocar- 
dial ischemic injury. Eicosanoid release in acute ischemia is primarily deleterious and 
enhances inflammatory-type reactions and functional disturbances of the myocardium. 
Endoperoxide intermediates (i.e. prostaglandin H 2 ), thromboxane A 2 (TXA 2 ) and other 
eicosanoids having vasoconstrictor and proaggregatory properties are thought to contribute 
to the pathophysiology of acute myocardial ischemia. Consequently, inhibition of the for- 
mation and/ or action of TXA 2 and other deleterious eicosanoids have been shown to reduce 
the severity of myocardial ischemia in models of coronary occlusion. In the present study 
the effects of the specific thromboxane synthetase inhibitor UK 38485 (dazmegrel) and the 
TXA 2 /prostaglandin endoperoxide receptor antagonist SQ 29548 on myocardial infarct size, 
cardiometabolic correlates and hemodynamics were determined in a canine model of 24 h 
acute myocardial infarction. Anesthetised open-chest dogs were subjected to left anterior 
descending coronary artery ligation. Twenty minutes post-ligation the dogs were given (i) 
intravenous saline (0.9% NaCl solution) (n = 12), (ii) UK 38485 (3 mg/kg i.v.) (n = 10) or 
SQ 29548 (0.2 mg/kg i.v. loading dose with 0.2mg/kg/h i.v. for 4 hours) (n = 10). UK 
38485 and SQ 29548 treatment resulted in a significant (p < 0.01) reduction in infarct size 
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as compared to the controls. UK 38485 salvaged 51% and SQ 29548 salvaged 45% of the 
left ventricular area at risk of infarction. Both drugs significantly reduced the accumulation 
of lactate and restored the activity of myocardial enzymes creatine phosphokinase and lactate 
dehydrogenase in the ischemic zone of the myocardium. Heart rate, systolic blood pressure 
and the pressure-rate index were not markedly affected by these drugs. The sharp rise in the 
left ventricular end diastolic pressure in the saline-treated animals was significantly lowered 
by UK 38485 and SQ 29548 treatment. The ischemia-induced lowering of the maximal rate 
of rise of left ventricular pressure (LV dP/dt,„^J observed in the saline-treated animals was 
corrected, albeit non-significantly, by SQ 29548 treatment. These results showing the benefi- 
cial effects of UK 38485 and SQ 29548 indicate that thromboxane A 2 may be involved in 
the pathogenesis of myocardial ischemia. The study suggests that attenuation of TXA 2 
synthesis and action may have potential as a mode of therapy for ischemic heart disease. 

Key words: Acute myocardial infarction, Arachidonic acid cascade. Thromboxane synthetase 
inhibitor. Thromboxane receptor antagonist, Cardioprotection, Dog. 

INTRODUCTION 

Myocardial ischemia results when the demand for oxwgen and substrate exceeds the 
supply such that muscle cell metabolism is shifted to an anaerobic state, with resul- 
tant impairment of contractile function (1). The molecular events or series of events 
that cause myocytes to die in severe ischemia remain unknown. According to reper- 
fusion studies in the open-chest anesthetized dog heart, severely ischemic myocytes 
are irreversibly injured after 40—60 minutes. The most likely explanation for the 
demise of these myocytes is believed to be due to the development of breaks in the 
sarcolemma of the dead myocyte (2). 

Progression of cell necrosis and salvage of the ischemic myocardium 

Myocardial ischemia, as a result of coronary^ occlusion, initiates a sequence of 
cellular changes which are initially reversible. Uninterrupted, these changes will 
progress to irreversible alterations, culminating in cellular death (3). Cell death 
occurs when the energy level of the cell is reduced sufficiently to render it inca- 
pable of integrated function by the combined effects of metabolic derangements, 
autolysis, advanced protein denaturation, and an increased permeability of the 
sarcolemma permitting excessive loss of coenzymes, enzyme molecules, and elec- 
trolytes. Eventually, the biochemical processes of energy^ production cannot main- 
tain cellular integrity and cellular death occurs (3-5). 

Major efforts have been devoted to the development of techniques designed to 
interfere with the sequence of events summarized above. Most patients with myocar- 
dial ischemia have a reduction in myocardial oxwgen supply, usually owing to a 70% 
or greater intraluminal narrowing in a major coronary^ artery^ or one of its branches. 
It has been reported that the infarct size correlates well with the mortality rate (6,7). 
Thus, an intervention capable of reducing myocardial infarct (MI) size might be 
expected to reduce the incidence of postinfarction death. Hence, considerable atten- 
tion has been directed to achieving timely reperfusion of occluded coronary arter- 
ies to interrupt the evolving myocardial infarction by restraining the process while 
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MYOCARDIAL INFARCTION / ISCHEMIA 




Figure 1. Dynamic processes that may contribute to left ventricular failure after acute myocardial 
infarction. 



it is Still in a reversible phase, thus, eventually reducing infarct size (8). The sig- 
nificance of reducing the extent of myocardial infarction relates to the possible 
therapeutic benefits of preventing cardiac pump failure and mortality that result 
from myocardial ischemic damage (Figure 1). 

The studies on myocardial infarction and the salvage of ischemic myocardium are 
extensive, nevertheless, despite such enormous documentation, there still are sub- 
stantial lacunae in our knowledge of the pathobiology of myocardial ischemic injury. 
Results obtained using animal models of acute myocardial infarction strongly suggest 
that interventions which can favorably influence the oxygen supply/ demand balance 
in the coronary occluded myocardium can influence the ultimate size of the myocar- 
dial infarct, thus affecting the prognosis (9). Subsequent studies have shown that a 
decrease in infarct size is a definite possibility. Furthermore, animal experiments 
indicate that the irreversible cell damage and cell death can be delayed, and that 
one may limit the ultimate extent of necrosis by appropriate pharmacologic inter- 
ventions during the initial period of ischemia. With the understanding of the “wave- 
front phenomenon” of myocardial cell death it would be correct to infer that the 
preservation of ischemic myocardium would largely depend on the time of inter- 
vention. Hence, a number of studies are directed towards determining the effect of 
the time interval between coronary artery occlusion and the application of an inter- 
vention (10,11). However, the results obtained in anesthetized or conscious labora- 
tory animals cannot be easily extrapolated to humans. In humans, the duration of 
the wavefront phenomenon may be greater than six hours because of the presence 
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of collateral vessels that develop in response to the progressive development of 
atherosclerotic lesions. These collaterals may alter the balance of oxygen supply and 
demand during ischemia and slow the wavefront of necrosis, thus, allowing more 
time to introduce an intervention aimed at reducing infarct size. 

With the realization of the potential salvage of myocardium at risk with reper- 
fusion, the introduction of reperfusion in the clinical setting with thrombolytic 
agents or other procedures becomes highly desirable. However, thrombolytic therapy 
only lyses thrombi and does not affect the underlying causes of the coronary artery 
occlusion. Therefore, therapy to reduce the chances of reinfarction and death must 
also be initiated. Since thrombus formation has occurred at least once in patients 
who survive an attack of myocardial infarction, it is probable that the conditions for 
thrombus formation still exist. Therefore, use of antiplatelet aggregating drugs, such 
as aspirin, and inhibitors of deleterious prostanoids would seem to be an appropri- 
ate prophylactic and treatment regimen. This concept has created interest to explore 
new and more effective therapeutic approaches to limit the extension of the myocar- 
dial infarct to delay cell death. 

However, at present it is not possible to identify the specific interventions most 
likely to be effective in reducing infarct size and influencing favourably the subse- 
quent size and shape of the left ventricle (12,13). Existing therapies are effective but 
have profound side effects. There is a need for drugs that have selective anti-ischemic 
potency. The main cellular effects of ischemia which could be addressed include 
retardation of high energy phosphate metabolism and prevention of several ischemic 
factors such as the formation of free radicals, activation of phospholipases and sub- 
sequent cascade of the arachidonic acid metabolites (14). 

In general consideration, the basis of interventions aimed at reducing myocardial 
ischemic injury are: 

1. Interventions that reduce myocardial oxygen demand (beta-adrenergic blocking 
agents e.g. propanolol, metoprolol etc. and selected calcium channel blockers 
(CCBs) e.g. gallopamil. 

2. Interventions that increase substrate availability (carnitine, hyaluronidase etc.) 

3. Interventions that increase coronary blood flow and certain modulators of the 
arachidonic acid metabolism. 

4. Interventions that relieve vascular obstructions (modulators of arachidonic acid 
metabolism). 

Arachidonic acid cascade 

Enzyme oxidation of arachidonic acid leads to a multitude of biochemically im- 
portant products. Among them are prostaglandins (PGs), thromboxanes (TXs), 
prostacyclin and leukotrienes (LTs). These substances, referred to collectively as 
eicosanoids, constitute what has become known as the arachidonic acid cascade, a term 
coined by workers in the field to describe an ever-increasing stream of compounds 
derived from arachidonic acid (15). These compounds are called eicosanoids because 
they are derived from 20-carbon essential fatty acids that contain three, four or five 
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double bonds: eicosatrienoic acid, eicosatetraenoic acid and eicosapentaenoic acid 
respectively. In man, arachidonic acid is the most abundant precursor, and it is either 
derived from dietary linoleic acid or is ingested as a constituent of meat. Arachi- 
donate is then esterified as a component of the phospholipids of cell membranes 
or is found in ester linkage in other complex lipids. The biosynthesis of the 
eicosanoids depends primarily upon the release of arachidonic acid from cellular 
stores by various acyl hydrolases (16). The enhanced biosynthesis of the eicosanoids 
is generally believed to involve activation of these enzymes, caused by increase 
in the intracellular concentration of calcium. Calmodulin, acting in concert with 
calcium, is important in the activation of the acyl hydrolases and the membrane- 
bound forms of both phospholipase A 2 and C are probably involved in the for- 
mation of precursor arachidonic acid. Once released from the membrane 
phospholipids, arachidonic acid and its congeners are rapidly metabolized to oxy- 
genated products by several distinct enzyme systems. Products that contain ring 
structures (prostaglandins, thromboxanes and prostacyclin) result from the initial 
action of cyclooxygenase while the hydrolated derivatives of straight-chain fatty 
acids (e.g. leukotrienes) result from the action of various lipoxygenases. The term 
“eicosanoids” is applied to all the 20 carbon derivatives, whereas, “prostanoids” refer 
only to those with a ring contained in their structure (15). 



Cyclooxygenase pathway 

The cyclooxygenase enzyme forms the cyclic endoperoxide PGG 2 . This is converted 
to PGH 2 , which then converts enzymically or non-enzymically to the stable sub- 
stances PGE 2 , PGp 2 a and PGD 2 . The cyclic endoperoxides (PGG 2 , PGH 2 ) are at 
crossroads of arachidonic acid metabolism, for they are precursors of substances with 
opposing biological properties (Figure 2). 

Prostaglandin h (PGT, prostacyclin) and thromboxane A 2 (TXA 2 ) currently appear 
to be the most active and major metabolites of PGH 2 associated with the cardio- 
vascular system. Prostacyclin synthetase, a membrane-bound enzyme in vascular 
tissue, synthesizes PGI 2 (17) which possesses potent vasodilator and platelet- 
aggregation inhibitory activity that is associated with increased intracellular levels of 
cyclic AMP (17-19). The inactivation of PGT occurs with a half-life of 5 min and 
involves a hydrolysis reaction to 6-keto-PGFm, a relatively inactive metabolite. TXA 2 
is synthesized in platelets by the membrane-bound thromboxane synthetase, an 
enzyme with a secondary catalytic activity that results in the decomposition of PGH 2 
into malondialdehyde (MDA) and 17-carbon hydroxy acid (HTT). The decompo- 
sition reaction is also catalyzed by Fe~^. Contraction of smooth muscle along with 
platelet aggregation and the release reaction are induced byTXA 2 at a 10-fold lower 
concentration than PGH 2 . TXA 2 is inactivated by a hydrolysis reaction, with a half- 
life of about 30 sec, to the relatively inactive metabolite thromboxane B 2 (TXB 2 ) 
(20). Each substance has opposing effects on cAMP concentrations; thereby, affect- 
ing a balanced control mechanism which influences thrombus and hemostatic plug 
formation. 
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Figure 2. Conversion of arachidonic acid to prostacyclin (P(iT) and thromboxane A 2 (TXA 2 ) in vas- 
cular epithelium and platelets. 



Lipoxygenase pathway 

5-Lipoxygenase catalyzes the first two steps in the triosynthesis of the leukotrienes. 
These include the oxygenation of free arachidonic acid to form 5 hydroperoxy- 
6,8,11,14-eicosatetraenoic acid (5 HPETE) followed by the subsequent conversion 
of 5 HPETE to 5,6-oxido-7,9,l 1,14-eicosatetraenoic acid, known as leukotriene A 4 
(LTA 4 ). The LTA 4 is in turn converted to a variety of products including leukotriene 
B 4 and the peptidoleukotrienes LTC 4 , LTD 4 and LTE 4 . In addition, the enzyme is 
involved in the biosynthesis of the lipoxms through the oxidation of 15 HPETE. 
Because of their biological activities, leukotrienes (LTs) and lipoxins are believed to 
have an important role in the pathophysiology’ of a variety’ of inflammatory responses 
including those of myocardial ischemia (21). LTs have potent actions on various 
types of smooth muscles and are able to alter the calibre of blood vessels. Usually, 
LTC 4 or D 4 increase vascular resistance (21). It has also been indicated that 
leukotrienes may cause oedema of the vessel wall which would contribute to nar- 
rowing of the lumen. The LTs also cause reduction in ventricular developed tension 
which appears to be secondary to the impairment of coronary flow. Thus, LTs play 
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an important role in the myocardial ischemic events. It is noteworthy that LTs C 4 
and D 4 have differing profiles of action in the heart. Leukotriene C 4 is more potent 
than LTD 4 in reducing coronary flow and cardiac developed tension. Further, the 
reduction in cardiac developed tension induced by LTC 4 is of slower onset and 
longer duration than that due to LTD 4 (22). 

Altered arachidonic acid metabolism in acute myocardial ischemia 

The physiological and clinical importance of the eicosanoids is now widely accepted 
(15,23). Furthermore, it has been emphasized that cardiac eicosanoids which phys- 
iologically act as modulators of cell activity and are primarily beneficial, may become 
a major detrimental factor under conditions of cell injury i.e. myocardial ischemia 
and infarction. Arachidonic acid release occurs simultaneously with development of 
severe cellular and sarcolemmal damage (24). It has been proposed (15) that vascu- 
lar homeostasis is determined by a balance between the production of thrombox- 
ane A 2 and PGI 2 and that the occurrence of thrombotic disorders might be 
influenced by factors that alter this balance. If this balance is shifted in favor of 
platelet aggregation and manifestation of atherosclerosis there is a profound decrease 
in PGI 2 formation by the coronary vascular endothelium. Age, an increase in low- 
density lipoproteins (LDLs), nicotine, diabetes and hereditary factors may also be 
associated with impaired PGP production. Cholesterol, diabetes mellitus, cate- 
cholamines, mental stress and vascular trauma increase thromboxane synthetase activ- 
ity. An increase in coronary sinus TXB 2 and platelet aggregation has been found in 
patients with myocardial ischemia brought on by an increase in myocardial oxygen 
demand (25). The occurrence of spontaneous episodes of myocardial ischemia in 
patients with unstable angina has been attributed to an imbalance between PGP 
andTXA 2 production and increased thromboxane generation (26). There is evidence 
for increased neutrophil aggregation in patients with acute myocardial infarction and 
enhanced chemotaxis and LTB 2 formation in unstable angina. Although earlier 
reports suggested a decrease in PGP formation by atherosclerotic vessels, current 
evidence suggests that arachidonic acid release and PGP generation may be actu- 
ally greater in these compared to normal vessels. Infarcted tissue from experimen- 
tal animals has been shown to generate much greater amounts of TXA 2 and 
leukotrienes than the adjacent normal tissue. Release of these arachidonic acid 
derivatives in the ischemic myocardium may be responsible for reduction in coro- 
nary blood flow and subsequent extension of the region of infarct. 

Modification of arachidonic acid cascade through 
phospholipase A2-dependent mechanisms 

As mentioned above the biosynthesis of the eicosanoids, namely, prostaglandins 
thromboxanes, prostacyclins, hydroxyeicosatetraenoic acids (HETEs), leukotrienes 
and lipoxins, whether synthesized by the cyclooxygenase pathway or the lipoxyge- 
nase pathway, all depend on the availability of free arachidonic acid. The control 
step for the production of that free arachidonic acid is believed to somehow involve 
a membrane-receptor event which involves phospholipase A 2 (27). Phospholipase 
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has been suggested to play a role in the precipitation and consequences of myocar- 
dial ischemic injury and reduction of infarct size in a canine model of coronary 
artery^ occlusion by the administration of phospholipase inhibitor quinacrine, an anti- 
malarial drug has been reported (28). Antiinflammatory and platelet antiaggregant 
activity of phospholipase A 2 inhibitors has been elucidated (29,30). Furthermore, 
the effect of arachidonic acid and phospholipases has been shown on the cardiac 
function, evidencing the correction of arachidonic acid-induced post-ischemic dys- 
function brought about by co-administration of oxwgen free radical scavengers (30). 

Several potential sources of free radicals exist within the membrane of the cell. 
The metabolism of arachidonic acid involves the formation of intermediate peroxy 
compounds as well as hydroxy' radicals (14,30). Furthermore, it has been suggested 
that not only is the arachidonic acid cascade an important source of toxic oxidant 
generation, it can itself be initiated by free radicals from other sources (31). 

Isoprostanes: Bioactive products of lipid peroxidation 

A decade ago, isoprostanes were discovered as a novel family of prostaglandins that 
are produced from arachidonic acid independent of the cyclooxygenases; through 
the free radical — catalyzed lipid peroxidation (32). The presence of representative 
isoprostane, 8 — iso prostaglandin F 2 « in human coronary atheroma evidences the 
involvement of isoprostanes in ischemic heart diseases (33). Furthermore, transcar- 
diac 8-isoprostaglandin F 2 a has been found to be a reliable marker for the size of 
the myocardium exposed to oxidative stress (34). 

TXA2 release during myocardial ischemia and the potential role 
of thromboxane inhibitors in preventing ischemic injury 

Several animal studies have documented release of TXA 2 during myocardial 
ischemia. TXB 2 concentrations have been shown (35,36) to increase markedly 5 to 
10 minutes after coronary occlusion and returned to baseline at 30 minutes despite 
continuing occlusion. This indicates a transient release of TXA 2 soon after coronary 
occlusion. It has been observed that animals with the highest level ofTXB 2 had the 
most arrhythimas while there was a negative correlation between the rise in 6-keto- 
PGFia and the number of ventricular ectopic beats (35). 

TXA 2 is also released during formation of platelet-rich thrombi in the narrowed 
coronary arteries of dog with endothelial injury (37). A reduction in PGT release 
resulting in an “imbalance” between TXA 2 and PGT may be a cause of cyclical flow 
reductions in these dogs (38). Furthermore, TXA 2 release has been documented 
in a variety of myocardial ischemic syndromes in humans as well. Increased TXA 2 
release (and diminished PGT synthesis) has been reported during exercise in patients 
with stable angina pectoris (39). Myocardial ischemia induced by atrial pacing is 
associated with release of TXB 2 in the coronary venous blood (40). Furthermore, 
elevation ofTXB 2 in the peripheral and the coronary venous blood plasma (40,41) 
and of 2,3 diner-TXB 2 in urine (42) has been demonstrated in patients with unsta- 
ble angina pectoris. Interestingly, enhanced TXB 2 synthesis has been observed just 
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prior to acute coronary occlusion (43) and soon after acute myocardial infarction 
(36). Increased TXA 2 biosynthesis has been shown during thrombolysis (44) indi- 
cating that platelet activation and TXA 2 release may modulate the response to 
thrombolytic agents. 

In most of these studies release of TXA 2 has been shown to be associated with 
the presence of myocardial ischemia and ischemia-related arrhythmias. Obviously, it 
is difficult to ascertain if TXA 2 release is the cause of myocardial ischemia or is a 
consequence of the ischemic process. 

Thromboxane inhibitors in myocardial ischemia 

In view of the preceding evidence of TXA 2 release during myocardial ischemia, a 
variety of agents with TXA 2 inhibitory activity have been developed over the past 
two decades for potential clinical use. Since the development of these agents, the 
potential roles of the PG endoperoxides and TXA 2 in platelet aggregation and in 
cardiovascular disease have been studied extensively (45). It was anticipated that this 
group of compounds could provide new therapeutic approaches for the treatment 
of a variety of cardiovascular diseases (45). These agents have undergone extensive 
trials in various animal models of myocardial ischemia. The information from these 
studies has provided new insights into the mechanisms of disease and possible new 
avenues for therapy. 

For the purpose of reviewing, these agents can be divided into two broad 
categories (a) TXA 2 synthetase inhibitors and (b) TXA 2 /endoperoxide receptor 
antagonists. 

(a) Thromboxane A2 (TXA2) synthetase inhibitors 

Imidazoles selectively block thromboxane synthetase but do not interfere with other 
enzymes of the prostanoid cascade (46,47). Thus, in contrast to cyclooxygenase 
blockers, thromboxane synthetase inhibitors (TXSIs) preserve formation of prosta- 
cyclin, the natural antagonist to TXA 2 . Diversion of endoperoxides away from the 
blocked thromboxane pathway may enhance the formation of prostacyclin and 
prostaglandins that are beneficial in the setting of cardiovascular diseases. This shunt- 
ing of cyclic endoperoxides evident in vitro as well as in vivo (48—50), has been 
termed “endoperoxide steal”. It seems to be quantitatively significant only in the 
presence of thromboxane synthetase inhibition (51) and may be an important mech- 
anism for these agents to reduce TXA 2 formation, increase PGT formation, inhibit 
platelet aggregation and thrombus formation. 

Furthermore, TXA 2 synthetase inhibitor-induced increase in PGT has been shown 
to be responsible for the reduction in neutrophil superoxide radical generation when 
neutrophils are incubated with platelets in the presence of a selective TXA 2 syn- 
thetase inhibitor U63, 557A (52). Superoxide radicals have been incriminated in the 
extension of myocardial injury and a reduction in their synthesis may relate to the 
decrease in infarct size in animals treated with selective TXA 2 synthetase inhibitors 
evidenced by the encouraging results of some workers (53-61). 
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UK 38485, 3-(lH-imidazole l-yl-methyl)-2-methyl-lH-indole-l -propanoic 
acid; (Dazmegrel), a specific inhibitor of thromboxane Ai synthetase is an advanced 
imidazole compound of higher potency and longer action in vitro and in vivo 
(62). 

(b) TXAo/Cyclic endoperoxidc receptor antagonists 

Thromboxane A 2 /endoperoxide receptor antagonists block platelet aggregation in 
response to a variety of stimuli in very low concentrations. This enhanced efficacy 
of TXA 2 /endoperoxide receptor antagonists is probably on account of their ability 
to block the pro-platelet aggregatory activities ot TXA 2 and cyclic endoperoxides. 
These drugs do not inhibit TXA 2 synthesis and do not augment PGT generation. 
It is possible that excessive synthesis of PGT shown to occur during use ot TXA 2 
synthetase inhibitors (48-51), may induce myocardial ischemia by shunting blood 
away from the ischemic zone. This possible deleterious effect is unlikely to occur 
with TXA 2 /endoperoxide receptor antagonists such as SQ 29548 (IS — (1, 2p (5Z), 
3p, 4)-7 (3-[(2-((phenylamino) - carbonyl) hydrazino] methyl-7-oxabicyclo (2.2.1)- 
hept-2-yl)-5-heptenoic acid). This agent has been shown to be a potent, selective 
antagonist of thromboxane A 2 and endoperoxide analogue induced platelet aggre- 
gation (63). In addition, SQ 29548 antagonizes CTA 2 (thromboxane agonist) — 
induced coronary vasoconstriction in vitro and prevented platelet aggregation and 
sudden death in vivo in rabbits given exogenous arachidonic acid, indicating sig- 
nificant antagonism of a variety of thromboxane-mediated biological actions (64). 
This agent is, therefore, a potent antagonist of both vascular and platelet throm- 
boxane receptors (63). 

TXA2 inhibitors in animal models of myocardial ischemia 

As reviewed above a variety of TXA 2 synthetase inhibitors such as dazoxiben, U63, 
557A and UK 38485 have been shown to reduce infarct size in animal models of 
myocardial infarction (53-61). TXA 2 /prostaglandin endoperoxide receptor antago- 
nists also reduce myocardial infarct size (56,65—71). It has been observed that the 
degree of reduction in infarct size with the use of TXA 2 synthetase inhibitor or 
receptor antagonists is almost similar (56). Reduction in myocardial leukocyte infil- 
tration and activation could be a factor in myocardial infarct size reduction by TXA 2 
inhibitors, since aspirin, which also inhibits TXA 2 formation, does not limit infarct 
size and does not affect neutrophil infiltration. Both TXA 2 synthetase inhibitors 
or receptor antagonists have been shown to markedly reduce myocardial leuko- 
cyte infiltration and peripheral leucocytosis (55—57). BM 13505 a specific 
TXA. 2 /endoperoxide receptor antagonist has been shown (70) to reduce atheroge- 
nesis and the severity of ischemic damage resulting from total coronary occlusion 
in cholesterol-fed rabbits. BM 13505 was shown to protect the ischemic rabbit 
myocardium by three different methods: i) maintenance of mycoardial tissue crea- 
tine kinase (CK) activity; (ii) reduced loss of free amino nitrogen-containing com- 
pounds from the myocardium; and (iii) blunting the rise of plasma CK activity (70). 
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Furthermore, in animal models of platelet aggregation occurring in the narrowed 
coronary arteries, TXA 2 synthetase inhibitors have been found to be effective in 
decreasing the frequency and magnitude of blood flow reduction (72). As stated 
above, the increase in endogenous PGh upon administration ofTXA 2 synthetase 
inhibitor may be important in preventing coronary artery thrombosis. Administra- 
tion of TXA 2 /endoperoxide receptor antagonists SQ 29548 or ONO 3708 also 
decreases intracoronary platelet deposition in experimentally stenosed coronary 
arteries (73,74) evidencing that a local deficiency of PGh does not play a signifi- 
cant role in platelet aggregation — related cyclical flow changes; since, TXA 2 / 
endoperoxide receptor antagonists do not increase PGP concentrations. 

Coronary arterial reocclusion after initial thrombosis was found to be inhibited 
with the use of TXA 2 synthetase inhibitor CGS- 13080 (75) or the TXA 2 receptor 
antagonists L636, 499 and AH-23848 (44). OKY 1581, aTXA 2 synthetase inhibitor 
was found to inhibit the incidence of thrombotic occlusion in a canine model of 
electrically-induced occlusive coronary thrombus (76). The TXA 2 /prostaglandin 
endoperoxide receptor antagonists L636, 499, SQ29548 and ONO 3708 have also 
been reported to inhibit formation of occlusive thrombus in a similar model (74,77). 

TXA 2 synthetase inhibitors as well as TXA 2 / endoperoxide receptor antagonists 
reduce arrhythmias which have been shown to occur during the early phase of 
reperfusion following coronary occlusion (78-80). However, another study (81) 
failed to show an important contribution of TXA 2 to arrhythmogenesis during 
evolving myocardial infarction. 

Clinical use ofTXA2 inhibitors 

Because of the many documented beneficial effects of TXA 2 inhibitors in animals, 
several trials of TXA 2 inhibitors have been conducted in patients with ischemic heart 
disease. Since TXA 2 formation is clearly increased in unstable angina pectoris and in 
the early stages of acute myocardial infarction, it is possible that TXA 2 inhibitors may 
be effective in vasoocclusive syndromes. In a study (82) TXA 2 synthetase inhibitor 
given within 6 hours of the onset of acute myocardial infarction reduced TXA 2 syn- 
thesis and caused a modest (approximately 25%) decrease in cumulative creatine kinase 
levels. Furthermore, when used in conjunction with thrombolytic therapy in humans, 
these agents may prove to be beneficial, as reocclusion after initial restoration of 
coronary blood flow in acute myocardial infarction continues to be a major problem. 
Coronary bypass surgery and angioplasty are associated with intense platelet 
activation at the site of endothelial tear; hence, TXA 2 inhibitors are currently being 
assessed in these conditions. However, long-term dosing studies with these agents 
have not been reported in patients with primary cardiac disease. Pretreatment with 
dazoxiben has been shown to affect a modest correction of lactate accumulation and 
ST depression during pacing-induced angina (83). 

In conclusion, evidence has been provided in the above account that TXA 2 is 
released during myocardial ischemia, and when platelets interact with stenotic coro- 
nary artery with injured endothelium. It is clear that TXA 2 is an important medi- 
ator of platelet aggregation and coronary arteriolar constriction. It is also evident 
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that TXAt inhibitors reduce myocardial injury, prevent reperfusion arrhythmias, and 
decrease formation of intracoronary thrombus in a variety of animal models. Many 
of these salutary effects ofTXA 2 inhibitors are mediated in part by reduction in 
leukocyte infiltration. 

In the clinical setting of ischemic heart disease, trials thus far with TXA 2 
inhibitors, have not shown much promise in stable or unstable ischemic syndromes. 
Clearly, there is a discrepancy between the efficacy of TXA 2 synthetase inhibitors 
and TXA .2 receptor antagonists in short-term animal preparation of thrombosis and 
their lack of effect in clinical studies. Modifications of either drug structure or deliv- 
ery will be necessary to prolong the duration of maximal thromboxane inhibition 
throughout the dosing interval. Furthermore, combination of the inhibitors ofTXA 2 
synthesis with antagonists of TXA 2 /prostaglandin endoperoxide receptors may be 
necessary to reveal the full therapeutic potential of these agents (84). 

It has been shown that PCiH 2 itself is active at thromboxane A 2 /prostaglandin 
endoperoxide receptors, and accumulates when thromboxane synthetase is inhibited 
(56,63-67,85). Therefore, a novel class of agents that act as antagonists at the throm- 
boxane A 2 /endoperoxide receptors, as well as inhibiting thromboxane synthetase, has 
been developed (86-89). Considering the great therapeutic interest in dual activity 
compounds; that is, thromboxane A 2 receptor antagonists/thromboxane A 2 synthetase 
inhibitors (TXRAs/TXSIs), further in vivo experiments are warranted to confirm 
their efficacy in the treatment of cardiovascular diseases. 

The objective of the present study was: ( 1 ) to define and compare the effects of 
a selective TXA 2 synthetase inhibitor and a specific TXA 2 receptor antagonist on 
myocardial infarct size in the canine acute coronary artery ligation model, (ii) to 
determine the metabolic and hemodynamic basis of such effects and (iii) to eluci- 
date the role ofTXA 2 in the pathophysiology^ of acute myocardial ischemia. 



METHODS 

The All India Institute of Medical Sciences (AIIMS), New Delhi Guidelines for care 
and use of laboratory animals were followed in this study. 

Surgical procedures and experimental measurements 

Thirty seven adult mongrel dogs of either sex, weighing 15-20 kg were studied 
during a 2 day protocol. On day 1 after fasting overnight, the animals were anes- 
thetized with sodium pentobarbital (35 mg/kg, intraperitoneally), intubated and ven- 
tilated by positive pressure ventilation with room air by a respiration pump (INCO, 
Ambala, India). Polyethylene catheters filled with normal saline were inserted into 
the right femoral artery for measuring systolic arterial blood pressure (SAP) through 
a P23 ID Gould Statham pressure transducer and into the right femoral vein for 
drug and/or saline administration. A left thoracotomy was performed through the 
fifth intercostal space, the pericardium was opened and the heart was suspended in 
a pericardial cradle. The left anterior descending coronary artery (LAD) was gently 
dissected free from the surrounding tissue for a few millimeters, about 2 cm from 
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its origin, just proximal to its first large diagonal branch. Myocardial ischemia was 
induced by ligation of LAD coronary artery in two stages according to the method 
of Harris (90). A sterile 18 G stainless steel needle was introduced into the left ven- 
tricular cavity through the apex of the heart to measure the left ventricular pres- 
sure using a P23 ID Statham pressure transducer. This signal was recorded at full 
scale and high gain for determination of left ventricular end diastolic pressure 
(LVEDP) and electronically differentiated to obtain the maximal rate of change of 
left ventricular pressure (LVdP/dtn,ax)- Heart rate (HR) was calculated from the 
standard limb lead II electrocardiogram (ECG). The pressure-rate index (PRI) was 
calculated as the product of SAP and HR divided by 100 and was used as an approx- 
imation of myocardial oxygen consumption (91). After surgical preparation and sta- 
bilization, all pressure measurements and electrocardiographic signals were monitored 
continuously during the experiment, starting 10 min before LAD coronary artery 
ligation, on a Grass Polygraph Model 7D (Grass Instruments, Quincy, Massachusetts, 
USA); and recorded at preset time points (i.e. 5, 20, 30, 40, 80 min and 24 h after 
LAD ligation), on Day 1 of the experiment as well as 24 h after coronary ligation 
i.e. Day 2 of the experiment. The time course and trend of the response of hemo- 
dynamic variables to LAD ligation and the drug treatments in the different exper- 
imental groups at 80 min and 24 h post-ligation is calculated in terms of percent 
change from the initial pre-ligation (baseline) value (a decrease is designated by a 
minus sign (— ), the other % change (unmarked) is an increase. 

Experimental protocol 

After ligation of LAD, the animals were randomly assigned to (i) the saline-treated 
(control) group (n = 12) including animals administered 10 ml of sterile 0.9% NaCl 
solution intravenously, 20 min post-ligation of the coronary artery; (ii) the UK 
38485 — treated group (n = 10) including animals given 3 mg/kg i.v. slow bolus 
20 min post-ligation of the coronary artery (UK 38485 was dissolved in 3 ml of 0.1 
N sodium hydroxide and made up to 10 ml with 0.9% NaCl solution) or (hi) the 
SQ 29548-treated group (n = 10) including animals given a loading dose of 0.2 
mg/kg i.v. slow bolus 20 min post-ligation of the coronary artery followed by an 
infusion of 0.2mg/kg/h for 4 hours). The total dose of the drug administered was 
1 mg/kg. SQ 29548 was dissolved in 10% ethanol and made up to 10 ml with 0.9% 
NaCl solution. 

The drug solutions were prepared immediately prior to each experiment. Ethanol 
did not alter the infarct size, or the hemodynamic variables that we measured. All 
animals received 1 million units of penicillin G intramuscularly for prophylaxis of 
infection. 

On day 2, approximately 24 hours after ligation of LAD, all dogs were reanes- 
thetized and the chest reopened at the site of the previous incision. All hemody- 
namic variables were measured as on day 1 of the experiment. Ten minutes before 
euthanasia, monastral blue dye (1.5 ml/kg) was injected into the left atrium to delin- 
eate the in vivo area at risk. All animals were euthanized with a sodium pento- 
barbital overdose. Thereafter, the heart was excised rapidly. The left ventricle was 
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separated, frozen in saline solution (— 10°C) and sliced into 5 mm thick transverse 
sections. The blue-stained normally perfused zone was separated from the unstained 
portion depicting the area at risk (AR) and weighed. Both the portions were incu- 
bated separately in buffered (1 %) triphenyl tetrazolium chloride (TTC) solution for 
20 minutes at 37°C (92). This differential staining distinguished the unstained area 
of necrosis (AN) from the normally perfused viable tissue (VT) and reversibly 
injured area at risk, stained red. Different zones of the myocardium are expressed 
in terms of percentage of the total LV mass and AR. The per cent reduction of the 
left ventricular area at risk of necrosis was calculated as follows: 

[l-{(AN,/AR,)/(ANc AR, )}] x 100 

Where the subscripts t and c represent the treated and control groups respectively. 

Transmural myocardial tissue samples were rapidly taken from the normally per- 
fused, ischemic and necrotic zones of the myocardium and fixed in accordance to the 
biochemical parameters to be estimated. Tissue samples immediately frozen in liquid 
nitrogen were weighed and homogenised at 4°C in 6 % perchloric acid with a tissue 
homogenizes These heart extracts were neutralized with 5 M K 2 CO 3 and centrifuged, 
the supernatant was stored until further analysis of lactate (93). For estimation of 
myocardial enzymes tissue samples taken from different zones of the ventricular 
myocardium were processed as described previously (94,95). Creatine phosphokinase 
(CPK) was estimated according to the method of Foster et al. (96) and lactate dehy- 
drogenase (LDH) by the method of Bergmeyer and Bernt (97). The total amount of 
protein was estimated in the supernatant fluid of the homogenate obtained for esti- 
mation of myocardial enzymes, by the method of Lowry et al. (98). Biochemical 
analysis were performed on Beckman DU 640 spectrophotometer. The weight of the 
tissue samples taken for biochemical estimations was added to the weight of the 
respective zones of the ventricular mass for quantification of infarct size. 

Statistical analysis 

The data were analysed by use of Student s t test and analysis of variance (ANOVA) 
to determine significance between groups. A p value less than 0.05 was considered 
significant. Data are expressed as mean ± SEM. 

RESULTS 

A total of 37 dogs were anesthetized for use of this study. Five dogs succumbed to 
fatal ventricular fibrillation shortly after coronary artery ligation. Transient arrhyth- 
mias occurred most commonly after the first ligation of the coronary artery, but 
subsided within 20—30 minutes after the second ligation. These arrhythmias never 
persisted in the drug-treated groups. 

Infarct size 

The effects of saline, UK 38485 and SQ 29548 treatment on experimental infarct 
size are shown in Table 1 and Figure 3. Twenty four hours after LAD ligation, infarc- 




Table 1. Effect of thromboxane A 2 synthetase inhibitor, UK 38485 and thromboxane A 2 /prostaglandin 
endoperoxide receptor antagonist, SQ 29548 on various zones of the myocardium in coronary artery ligated dogs 



Thromboxane A 2 Attenuation for Cardioprotection 453 





454 III. The Cellular Basis for Viiseular Disease 



401 



T 




ContTot (n=12} 



H Area at risk (AR) 
0 Area of necrosis 





UK 38485 (n^O) SQ 29S48 (n=1 0) 



Figure 3. Left ventricular area at risk (AR) and area ot necrosis (AN) in the controls and drug- 
treated groups, expressed as percentage of the left ventricular mass. In UK 38485-treated (n = lO) and 
SQ 29548-treated (n = lo) groups AN is significantly smaller as compared to the saline'— treated 
control group (n = 1 2). Height of bars represent means: brackets represent ± SEM for respective 
values in each group. 

*p < 0.01 as compared with the similar myocardial region in the control group. 



tion was always transmural. The mean area at risk (AR) expressed as a per cent ot 
total left ventricular (LV) mass was not significantly different in the saline-and drug- 
treated groups. However, the mean area of necrosis (AN) expressed as per cent ot 
the total LV mass and AR was significantly (p < 0.01) less in the drug-treated groups 
as compared to the same area of the myocardium in the saline-treated group. Per 
cent reduction of AR destined to necrosis, was 51% in the UK 38485-treated group 
and 45% in the SQ 29548- treated group as compared with the saline-treated 
control group. 

Biochemical parameters 

The data regarding the effect of UK 38485 and SQ 29548 on cardiac metabolism 
following coronary artery ligation in dogs are shown in Figure 4. Myocardial 
ischemia resulted in depletion of the myocardial high energy^ phosphates (HEPs) 
(data not shown here) and a significant accumulation of lactate, the deleterious 
myocardial metabolite in the three differentiated zones of the left ventricular 
myocardium i.e. normally perfused, ischemic, and necrotic; albeit, more markedly in 
the ischemic zone of the myocardium in saline-treated control group. The lactate 
content jimole/g“’ wet weight of tissue of the ischemic zone was 10.19 ± 0.53 in 
the saline-treated group. These metabolic anomalies in the control group were found 
to occur in concert with the decreased activity ot the myocardial enzymes creatine 
phosphokinase (CPK), and lactate dehydrogenase (LDH). Myocardial CPK activity 
was 5.10 ± 0.92 U/mg of protein and the myocardial LDH activity was found to 
be 1.55 ± 0.45 U/mg of protein in the ischemic zone of the myocardium. 
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Figure 4. Effect of UK 38485 and SQ 29548 on A. myocardial lactate content; B. activity of the 
enzyme creatine phosphokinase (CPK) and C. activity of the enzyme lactate dehydrogenase (LDH) in 
the three differentiated zones of the myocardium, viz. normally perfused, ischemic and necrotic. 
Height of bars represent means; brackets represent ± SEM for respective values in each group. 

*p < 0.05, **p < 0.01; ***p < 0.001 as compared with the similar zone of the myocardium in the 
control group. 
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The lactate content of the ischemic zone of left ventricular myocardium was sig- 
nificantly (p < O.OOl) lowered in the UK 38485-treated group, being 2.81 ± 
0.89|Limole/g~' wet weight of tissue. UK 38485 treatment restored the myocardial 
CPK activity to 15.16 ± 1.09U/mg of protein in the ischemic zone which was a 
highly significant (P < O.OOl) increase as compared to the CPK activity ot the same 
zone in the controls. The level of the activity' of the enzyme LDH in the ischemic 
zone of the myocardium in the UK 38485-treated group was 3.85 ± 0.42 U/mg of 
protein, which was significantly (p < 0.01) more compared to the activity ot this 
enzyme in the ischemic zone of myocardium in the controls. 

SQ 29548 treatment was effective enough to reduce accumulation of lactate in 
the ischemic zone of the myocardium. The lactate levels in this zone being 4.80 ± 
0.51 pmole/g”' wet weight of tissue which was significanlty' (p < 0.01) less as com- 
pared to the lactate content of the same zone in the saline-treated control group. 
Furthermore, SQ 29548 significantly increased the activity' of the myocardial 
enzymes; the level of CPK in the ischemic zone was 14.07 ± 1.65 U/mg of protein 
(p < 0.001) and that of LDH was 2.86 ± 0.35U/mg of protein (p < 0.05) as com- 
pared to the ischemic zone of the ventricular myocardium in the controls. 

Hemodynamics 

Tables 2 and 3 show the hemodynamic data for saline-, UK38485- and SQ 29548- 
treated animals at preset time points during coronary artery ligation. There was no 
significant difference in the heart rate (HR, beats/min) between the saline-, UK 
38485- and SQ 29548-treated groups for upto 80 mm after coronary artery liga- 
tion. At 24 h post-ligation, heart rate was significantly (p < 0.05) higher in the saline- 
treated group as compared to the baseline pre-ligation value of the same group. 
However, at 24 h post-ligation, the heart rate was significantly (p < 0.05) less in the 
SQ 29548-treated group as compared to the value of this variable at the same time 
period in the control group. There was a significant (p < 0.05) fall in systolic arte- 
rial blood pressure (SAP, mniHg) in the saline-treated group 80 min post-ligation, 
this effect was sustained 24 h post-ligation. UK 38485 and SQ 29548 were effec- 
tive in preventing this decrease in SAP. The pressure-rate index (PRI, mniHg 
beats/min/ 100) calculated as the product of SAP and HR is a crude measure of 
cardiac oxygen consumption. The PRI decreased in all the groups; the fall being 
significant (p < 0.05) in SQ 29548-treated group 80 min post-ligation of the coro- 
nary artery. 

A steep, rapid rise in the left ventricular end diastolic pressure (LVEDP, mmHg) 
was observed following coronary artery ligation in the saline-, UK 38485- and SQ 
29548-treated groups. In the saline-treated animals the sharp rise in LVEDP 
increased consistently with the duration of ischemia. The increase was significant at 
20, 30 and 80 min post-ligation (p < 0.01) and highly significant (p < 0.001) at 
40 min and 24 h post occlusion as compared to the baseline, pre-ligation value. Treat- 
ment with UK 38485 and SQ 29548 corrected the LVEDP to near pre-ligation 
values and affected a significant decrease in the values of this hemodynamic vari- 
able as compared to the values of the same time periods in the saline-treated group. 




Table 2. Time course of changes in systolic arterial blood pressure, heart rate and 
pressure-rate product in saline, UK 38485- and SQ 29548-treated coronary artery ligated dog 
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Following coronary artery ligation a steady significant decrease was noted in the 
time course of response of the maximal rate of change of left ventricular pressure 
(LVdP/dtmax, mmHg/sec) in the saline-, UK 38485 and SQ 29548-treated groups. 
UK 38485-treatment did not exert any corrective effect on LVdP/dtmax- However, 
SQ 29548 treatment influenced LVdP/dtmax, which was significantly less depressed 
as compared to the saline-treated group at 80 min (p < 0.05) and 24 h (p < 0.01) 
after coronary artery ligation, as compared to the value of this variable at the same 
time point in the saline-treated control group. 

DISCUSSION 

The reasons for attempting to salvage myocardium threatened by ischemia during 
temporary or permanent occlusion of one or more coronary arteries is based on 
the observation that patient’s survival depends largely on the extent of myocardial 
damage and the level of metabolic activity. The enormous complexity inherent in 
the deprivation of oxygen and substrates from the myocardium, accumulation of 
metabolic wastes and hemodynamic alterations during myocardial ischemia, and 
approaches addressing the attenuation of thromboxane A 2 synthesis and/or action 
during ischemia, are the focus of the present study. 

Recent discoveries in the molecular biology of cardiac eicosanoids promise a new 
understanding of the pathobiology of myocardial infarction. Considerable interest 
centres on the possible role of TXA 2 release during myocardial ischemia (44). 
Hence, this discussion is confined to a consideration of the process of the acute 
phase of experimental myocardial infarction with emphasis on attenuation of TXA 2 
release during ischemia in an attempt to reduce infarct size and to ameliorate the 
metabolic and functional consequences of the ischemic insult. TXA 2 release has been 
demonstrated during myocardial ischemia both in animals and humans (99-102). 
TXA 2 may cause or propagate myocardial ischemia by causing vasoconstriction and 
platelet aggregation (99,100). The actions of TXA 2 are countered by PGI 2 . It has 
been proposed that an imbalance between TXA 2 and PGT can cause cyclic flow 
reductions (103). 

Selective TXA 2 synthetase inhibition has been demonstrated to have beneficial 
effects in animals with total and subtotal coronary occlusion. However, inhibition 
ofTXA 2 synthesis leads to accumulation of precursor cyclic endoperoxides which 
can also stimulate TXA 2 platelet receptors and cause platelet aggregation. These 
cyclic endoperoxides are shunted to alternate metabolic pathways leading to for- 
mation of other eicosanoids like PGD 2 and PGF 2 « which can also cause platelet 
aggregation and coronary vasoconstriction (39,40,104). 

It has been evidenced that short and long term prognosis of patients with acute 
myocardial infarction mainly depends on the extent of infarcted myocardium and 
the resulting impairment of left ventricular function (6,105). Regional myocardial 
dysfunction is an inevitable consequence of acute myocardial infarction and the 
severity of dysfunction is determined by the extent of myocardial injury. Therefore, 
accurate estimation of infarct size is of major importance to assess clinical outcome. 
Furthermore, to determine the effectiveness of therapeutic strategies designed to 
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salvage jeopardized myocardium, accurate determination of infarct size is of para- 
mount value (105). 

It has been reported (106) that acute and sudden interruption of blood flow for 
more than 15 to 20 minutes results in myocardial necrosis which progresses from 
the subendocardium toward the epicardium. In experimental animals, approximately 
60% of the myocardium at risk undergoes necrosis when total cessation of flow 
continues for 3 hours and, following 6 hours of flow deprivation, 70% to 80% of 
the myocardium at risk undergoes irreversible damage (106). Similar to these reports, 
it was observed in the present study that irreversible injury within the risk region 
progressed transmurally with the duration of ischemia. There was no cell death at 
20 minutes after coronary^ occlusion. Necrosis was limited to the subendocardial 
region in all dogs with 3 hours coronary artery occlusion. Prolongation of coro- 
nary occlusion beyond 6 hours duration in anesthetised dogs is associated with evo- 
lution of myocardial infarction evidenced by the development of tissue necrosis, 
rapid changes in myocardial metabolism and impairment in cardiac function. Similar 
findings have been reported earlier from our laboratory (95,107). Furthermore, the 
results of the present study are consistent with the concept that subendocardium is 
the region of the ventricular wall that is most vulunerable to ischemia and subse- 
quent necrosis (108). The presence of subendocardial myocardial infarct involving 
28—38% of the transmural myocardium has been reported (106), evidencing that 
after progressively longer periods of ischemia, greater proportion of the region at 
risk becomes infarcted. Thus a “wave front’' (106) occurs, extending from the suben- 
docardium to subepicardium, which is dependent on the duration of ischemia. 

In the saline-treated control group in the present study, myocardial infarction was 
found to be transmural at 24 hours post-occlusion of coronary artery. In the canine 
myocardium, the final amount of myocardial necrosis is mainly dependent upon the 
size of the area at risk of the occluded coronary artery and upon the degree of col- 
lateral flow to the ischemic area. However, regional myocardial blood flow level was 
not measured in the present study. Furthermore, it is generally accepted that quan- 
tification of infarct size is only relevant when the size of the myocardium which is 
excluded from perfusion is also considered (109). This was done in the present study 
by calculating the ratios of the area of infarct to the area at risk. These ratios were 
significantly smaller in the treated groups compared to the controls. By definition, 
this indicated a decrease in infarct size due to the specific drugs employed in this 
study. Sham-operated controls with placement of the double ligature under the 
coronary artery using a small aneurysm needle, though evaluated, were not used for 
this study. Unpublished observations suggest that sham operated animals do not 
spontaneously develop occlusive thrombi, myocardial infarction or other functional 
impairment as a result of instrumentation. 

Changes in cellular energy^ metabolism and other biochemical indices have long 
been regarded as sensitive markers of ischemic injury (110—112), and many studies 
have used the tissue content of high energy phosphates (HEPs) adenosine triphos- 
phate (ATP), creatine phosphate (CP) and lactate in the assessment of tissue injury 
and protection (110-112). 
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Previous studies (1-7) indicate that CPK enzyme activity is a dynamic index of 
tissue necrosis. In the present study, following LAD coronary artery ligation, there 
was marked depletion in the tissue content of HEPs (data not shown here) and 
the activity of the myocardial enzymes creatine phosphokinase (CPK) and lactate 
dehydrogenase (LDH). This was accompanied by an increase in the myocardial 
lactate content. Similar findings have been reported by other workers (2,5). During 
ischemia, instead of aerobic respiration, anaerobic glycolysis becomes the significant 
source of production of adenosine triphosphate. 

Initially the rate of anaerobic glycolysis in ischemia is high. Within 60-90 seconds, 
thereafter, anaerobic glycosis slows due to inhibition of glyceraldehyde-3-phosphate 
dehydrogenase by the high cytosolic reduced nicotinamide dinucleotide-nicotinamide 
adenine dinucleotide ratio. Moreover, anaerobic glycolysis is tightly coupled to dele- 
terious lactate production. Increased intracellular accumulation of lactate and protons 
(H") as metabolic end products causes increased acidosis and exacerbate myocardial 
injury. Acidosis subsequently inhibits the glycolytic flux at the level of glyceralde- 
hyde-3-phosphate and enzyme phosphofructokinase (1,110-112). 

In the present study, following LAD coronary artery ligation, there was a gradual 
change in different hemodynamic variables, which intensified with time. A marked 
increase (p < 0.05) in heart rate (HR) was observed 24 hours after coronary artery 
ligation compared with the initial value before ligation. This was accompanied by 
a fall in systolic arterial blood pressure (SAP) . These findings corroborate with those 
of other investigators (56,65) and previous studies from our laboratory (71,107). 
In the present study, there was marked depression in myocardial contractility and 
diastolic function as evidenced by a fall in left ventricular dP/dt in concert with a 
significant elevation of left ventricular end diastolic pressure (LVEDP); this ischemia- 
induced effect is well documented (113,114). The pressure-rate product which is 
related to the myocardial oxygen consumption was also depressed on account of the 
ischemic insult. Similar findings have been reported earlier (65—67). 

The magnitude of reduction in myocardial infarct size by UK 38485 in the 
present study has not been reported earlier using animals with total coronary artery 
ligation. Further evidence of the protective effect of UK 38485 administration was 
obtained from metabolic studies. Treatment with UK 38485 resulted in a signifi- 
cant decrease in lactate content of the ischemic myocardium indicative of reduction 
in tissue acidosis. Similar results have been reported by other workers (61). In the 
present study, UK 38485 significantly preserved the myocardial CPK activity, which 
is a direct indication of its tissue protective and cardiometabolic potential. This is 
in corroboration with an earlier study which examined the effects of U 63557A, 
a selective TXA 2 synthetase inhibitor, in LAD coronary artery ligated rats (56). 
Myocardial LDH activity, the depletion of which depicts the profile of the later 
stages of progression of ischemia, was also restored in the ischemic zone of the 
myocardium by the administration of UK 38485. The preservation of the enzymatic 
activity in myocardial tissue is indicative of the cellular and subcellular membrane 
stabilizing properties of UK 38485. Furthermore, the hemodynamic changes 
induced by coronary occlusion were attenuated by UK 38485. There was a slight 
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decrease in heart rate and blood pressure following administration of this drug, and 
LVEDP was significantly lowered. A similar finding has been reported earlier (113). 
The decreased LVEDP maintained the perfusion pressure despite of a fall in blood 
pressure, since perfusion pressure is a product of the difference between diastolic 
pressure in the stenosed coronary^ artery' and LVEDP (114,115). Furthermore, this 
drug was effective enough to bring the value of dP/dt to a less depressed state as 
compared to the controls. These results indicate that the cardioprotective effect of 
UK 38485 evidenced by the significant salvage of the myocardial area at risk 
of infarction is not exerted through hemodynamic changes, but more on account 
of metabolic changes at the cellular level. This may encompass endoperoxide shunt- 
ing towards the synthesis of PGD 2 , PGE 2 and PGL, all of which, in turn, can inhibit 
neutrophil activation, and their accumulation in the ischemic heart. It is suggested 
(55) that this action of the thromboxane synthetase inhibitor UK 38485, may result 
in preventing neutrophil-mediated tissue injury. 

Furthermore, previous studies with platelets indicate that stimulated platelets 
release PGFi 2 in the presence of a thromboxane synthetase inhibitor, and that the 
vessel can use this source of PGH 2 to synthesize PGL. This transfer of PGH 2 has 
been termed “endoperoxide steak’; and as mentioned above, seems to be quantita- 
tively significant only in the presence of thromboxane synthetase inhibition (48-50). 
This mechansim has been reported to reduce TXA 2 formation and increase PGL 
formation (48-51). Thus, these drugs may inhibit the development of myocardial 
ischemia and damage (53-57,59,60). 

Selective TXA .2 synthetase inhibition has been demonstrated to have beneficial 
effects in animals with total and subtotal coronary occlusion. Idowever, TXA 2 
synthesis inhibition leads to accumulation of precursor cyclic endoperoxides which 
can stimulate TXA 2 platelet receptors and cause platelet aggregation. These cyclic 
endoperoxides are also shunted to alternate metabolic pathways leading to forma- 
tion of other eicosanoids like PGD 2 and PGp 2 a which can also cause platelet aggre- 
gation and coronary vasoconstriction (63-67,85). 

TXA 2 receptor antagonists, such as SQ 29548, offer unique advantages of inhibit- 
ing platelet aggregation in very^ small concentrations without affecting TXA 2 , PGL 
or PGD 2 formation. Several investigators have shown that TXA 2 receptor angaton- 
ists have a beneficial role in myocardial ischemia. 

In the present study SQ 29548 reduced infarct size appreciably, leaving a large 
amount of viable tissue within the area at risk. This cardioprotective effect of SQ 
29548 is consistent with previous reports (56,65—71). In these studies SQ 29548 
was shown to reduce several indices of experimental myocardial ischemia in models 
of total coronary' occlusion without reperfusion. The physiological mechanism for 
the mitigation of the ischemic injury with TXA 2 blockade via SQ 29548 is presently 
unknown. It may be related to alleviation of TXA 2 — mediated vascular tone or 
inhibition of platelet aggregation. 

In the present study SQ 29548 prevented the loss of myocardial enzyme CPK 
indicating an actual preservation of the ischemic area of the myocardium. This effect 
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of SQ 29548 is consistent with previously reported findings using SQ 29548, other 
thromboxane antagonists or antagonist of vasoconstrictor eiosanoids (56,65—67). 

In the present study following administration of SQ 29548 the heart rate was 
markedly reduced; whereas, there was no such effect on blood pressure (SAP). 
However, this agent was capable of blunting the acute hypotension associated with 
coronary ligation-induced tachycardia. The effect of SQ 29548 on myocardial O 2 
consumption or demand is another potential mechanism of action of this com- 
pound. There was a significant (p < 0.05) decrease in the pressure-rate index, 
80 min post occlusion as compared to the value of this variable at the same time 
period in the saline-treated animals; but this effect was not sustained 24 h post-occlu- 
sion of coronary artery. This effect of SQ 29548 on this derived hemodynamic vari- 
able, as a marker of cardiac oxygen demand, suggests that the beneficial effect of 
this drug involves a reduction in myocardial oxygen consumption. No alteration in 
this parameter has been reported by other workers (65,66). It has, however, been 
noted that the indirect indices of myocardial oxygen consumption should be inter- 
preted with caution (116,117). 

Furthermore, SQ 29548 significantly decreased LVEDP, prevented the fall in the 
value of the LVdP/dtn,ax at 80 min post-occlusion i.e. 60 min after administration of 
the loading dose of the drug. This suggested that the beneficial effect of the drug 
manifests slowly in concert with metabolic corrections afforded by this agent. One 
of the marked and significant effects of SQ 29548 in our experiments was a reduc- 
tion in LVEDP, accompanied by a slight increase in myocardial contractility. Reduc- 
tion in LVEDP results in better myocardial flow through the inner layers of the 
myocardium. It has been shown that interventions that decrease cardiac size, LVEDP, 
and wall tension improve myocardial blood flow in the deeper (endocardial) regions 
(114,115). Thus, SQ 29548 prolonged the diastolic interval and maintained optimum 
perfusion pressure within the myocardial area at risk, thus improving the ultimate 
blood supply to the ischemic zone and affecting the myocardial infarct size. 

The present study shows that SQ 29548 treatment during ischemia resulted in a 
significant protection of myocardial tissue and infarct size reduction. The mecha- 
nism of the protective effect appears to be related to antagonism of the cytolytic 
actions ofTXA 2 . Improved cardiac function may also contribute to its antiischemic 
action. 

In conclusion, the present investigation elucidates the role of TXA 2 inhibitors in 
experimental myocardial infarction. The results of the study provide further support 
to the hypothesis that endogenously released thromboxane A 2 may play an active 
role in contributing to the pathophysiology of myocardial ischemia and tissue necro- 
sis and mitigation ofTXA 2 — induced reactions in ischemic tissue seem to result in 
some degree of myocardial protection. 

The present investigation further demonstrates the beneficial role of the drugs 
(that were employed in the present study) modulating the arachidonic acid metab- 
olism in protecting the myocardium by limitation of infarct size and correction of 
the ischemia-induced deranged cardiometabolic correlates. This cardioprotection was 
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achieved in concert with modest changes in myocardial oxygen supply-demand vari- 
ables and other marked hemodynamic parameters. 

Furthermore, thromboxane synthetase inhibition was found to be superior to 
thromboxane receptor blockade in terms of improved inotropy and salvage of post- 
ischemic myocardial injury: This may be on account of the substantially evidenced 
greater endoperoxide shunting to prostacyclin generation by thromboxane synthetase 
inhibition. This is indicative of the fact that the balance between thromboxane A 2 
and prostacyclin is of considerable importance in the pathophysiology of myocar- 
dial ischemia/infarction (118). 

These observations appear to furnish sufficient basis for further investigation on 
the effectiveness of TXAt inhibitors; that is thromboxane synthetase inhibitors and 
thromboxane A 2 / prostaglandin endoperoxide receptor blocking drugs in myocar- 
dial ischemia, other ischemic states and in clinical situations; with a view to further 
understanding ischemic heart disease and improving its therapy. 
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Summary. The use of confocal microscopy and fluorescent dyes permitted us to show that 
the nucleus plays an important role in excitation-contraction and secretion coupling of several 
excitable and non excitable cells. In addition, our group suggested that, like the sarcolemmal 
membrane, the nuclear envelope membrane possesses receptors and channels which may play 
an important role in modulating Ca“^ influx and cytosolic Ca"^ buffering capacity of the 
nucleus. 

Our results showed that the nucleus plays a role as a cytosolic Ca“^ buffer during sponta- 
neous contraction of heart cells as well as during stimulation of cell surface membrane recep- 
tors of vascular endothelial and smooth muscle cells. 

Using isolated nuclei of cardiomyocytes, vascular endothelial and smooth muscle cells, our 
results showed that receptors and channels are present at the nuclear envelope membranes. 
Our results also showed that receptors, such as Ang II and ET-1 receptors, undergo inter- 
nalization and nuclear translocation and that the nucleus could be implicated in protein syn- 
thesis of these receptors. These results demonstrate that like the sarcolemmal membrane, the 
nuclear envelope membranes possesses channels and G-protein-coupled receptors that could 
be a new target for drug action. 

Key words: Nucleus, Ca^^, R-type Ca""^ channel, receptors, heart, vascular endothelial cells, 
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INTRODUCTION 

Drug development has been focused on regulation of cytosolic calcium level during 
excitation-contraction and secretion coupling by targeting sarcolemmal ion chan- 
nels, exchangers, pumps and receptors. However, little attention was given to pos- 
sible contribution of the nucleus in controlling agonist-induced increase of cytosolic 
Ca*'^ (1). In addition growing evidence showed that nuclear Ca~^ levels constitute 
an important signal regulating many vital events in a cell such as cell growth (2), 
gene expression (3,4) activation of nuclear kinases and phosphatases (5) as well as 
DNA repair, break-down of nuclear envelope (6) and apoptosis (7—9). Although 
several studies have made use of isolated nuclei and nuclear membrane vesicles, these 
studies did not take into consideration the crosstalk between the nucleus and the 
content of the surrounding cytosolic milieu as well as the possible presence of recep- 
tors and channels at the nuclear membranes levels. In addition, most of the work 
using isolated nuclei was focused on nuclear pore transport of proteins and macro- 
molecules (10) despite the few reports suggesting the presence of Ang II (11) and 
ET-1 (12) receptors in the nuclei of liver cells. It wasn’t until the recent develop- 
ment of ionic probes, mainly Fluo-3 Ca'^ dye and fluorescent specific antibodies 
and peptides directed against specific receptors coupled to the use of 3-D confocal 
microscopy, that it was possible to rediscover the nucleus in living working cells. 
These techniques allow us to begin to realize the possible contribution of the 
nucleus not only as a locus for DNA synthesis and cell differentiation, but also as 
an important organelle that behaves as a cell within a cell, thus regulating its own 
ionic homeostasis as well as contributing to maintain cytosolic Ca"^ and Na"^ home- 
ostasis (13-17). Thus, the recent use of confocal microscopy in working cells allowed 
scientists to revisit the nucleus and visualize as well as quantify several mechanisms 
and pharmacological events occurring through the sarcolemma and the nuclear 
membrane. Figure 1 summarizes these findings (1,13-28). The receptors for several 
agonists such as those for PDGF (29), Ang II (14,30), vasopressin (30,31), bradykinin 
(15), PGE 2 (26) as well as ET-1, PAF and IL-1 (15) have all been shown to be 
present in the nuclear membranes and may directly modulate Ca~^ influx through 
the steady-state R-type Ca"^ channel (1,13-17) or via an IP3 calcium pathway 
(27,32). 

In the present study, we attempt to emphasize the nuclear contribution to 
excitation-contraction and secretion coupling. We further demonstrate that sar- 
colemma receptor-mediated calcium signals are transferred to the nucleus via the 
cytosol and that receptors as well as channels exist in the nuclear membranes and 
do participate in mediating signaling of an agonist. Therefore, nuclear membranes 
receptors blockade could be a new target for drug development research. 



MATERIALS AND METHODS 

All methods used for cell isolation and culture, confocal microscopy settings, Fluo- 
3 loading, Syto 11 staining, ligands fluorescent probe and analysis, solutions and 
sources of all compounds (where it is not indicated) as well as statistical analysis are 
the same as those reported recently (1,14-17). 
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Figure 1. Diagrammatic representation of various possible components modulating Ca^^ waves. NPC 
is nuclear pore complex, CaM is calmodulin, r is ryanodine and caffeine-sensitive pools (from ref. 15). 



For immunofluorescence studies the cells were fixed for 10 min in ice cold 4% 
paraformaldehyde. After washing with phosphate buffer solution (PBS), cells were 
incubated for 10 min with PBS containing sodium borohydride (2 mg/ml), then per- 
meabilized and blocked with 0.1% Triton X-100, 7% normal goat serum (NGS) 
and 5% nonfat dry milk (NFDM) for 30 min. Finally, the cells were washed twice 
in PBS and incubated overnight at 4°C with rabbit anti-ATi and goat anti-AT 2 
primary antibodies (Research Diagnostics Inc., Flanders, NJ, U.S.A.) in PBS con- 
taining 1.4% NGS, 1% NFDM and 0.1% Triton X-100. After two PBS washes, the 
cells were incubated for 1 hour at room temperature with rabbit and goat anti-IgG- 
FITC secondary antibodies (SIGMA- ALDRICH, Oakville, ON, Canada) for ATi 
and AT 2 immuno-fluorescence, respectively. The cells were examined using both a 
Nikon Eclipse 1000 fluorescence microscope and 3-D imaging confocal microscopy. 
The PBS is composed of 137 mM NaCl, 5.4 niM KCl, 1.0 niM MgCL, 1.5 mM 
CaCl 2 , 5.5 mM D-glucose, 0.01 mM ethylenediamine-tetraacetic acid (EDTA) and 
20.0 mM HEPES. 

RESULTS 

1. Presence and implication of the steady-state voltage-dependent R-type 
Ca^^ channel in regulation of cytosolic Ca^^ by the nucleus during 
excitation contraction coupling; recent work, using a fluorescent antagonist of 
the R-type Ca^^ and confocal microscopy techniques, showed the presence of this 



476 IV. Novel Therapeutic Approaches to C'ardiovasciilar Disease 



type of Ca"^ channel at both the sarcoleminal and nuclear membranes of heart as 
well as human vascular endothelial and smooth muscle cells (1). Figure 2 shows 
fluorescent labeling of the R-t\ pe Ca~^ channel in human aortic vascular smooth 
muscle cells. However, using a fluorescent specific L-type calcium channel blocker 
did only show presence of this type of channel at the sarcolemma level. As can be 
seen in this figure (Figure 2), the R-type calcium channel is distributed at both the 
sarcolemmal and nuclear membranes in a cluster like fashion. Using isolated nuclei 
from human aortic vascular smooth muscles, administration of ET-1 induced an 
increase of nuclear free calcium that was insensitive to the specific L-type calcium 
channel blocker, nifedipine, but sensitive to the calcium chelator EGTA and R-type 
calcium channel blocker (Bkaily et ah, unpublished results). Also, using sarcolemma 
perforated single human vascular smooth muscle cells, cytosolic administration of 
ET-1 induced increase of nuclear calcium that was blocked by chelating cytosolic 
calcium using EGTA (14). These results demonstrate that calcium influx through 
the nuclear envelope membranes is taking place via the opening of the steady-state 
R-type calcium channel. 

Recent work using ion-sensitive dyes and confocal microscopy suggested possible 
crosstalk between cytosolic free calcium ([Ca]J and the nucleus (1,7,13—15,19,25). 
Using fluo-3 confocal microscopy and Syto 11 nuclear staining techniques (13) in 
cultured spontaneously contracting single cells from lO-day-old embryonic chick 
hearts, we were able to follow the simultaneous changes of Ca"^ entry through the 
sarcolemma and its propagation through the cytosol as well as its uptake by the 
nucleus. As can be seen in figure 3, upon depolarization of the cell membrane, 
Ca"^ enters through the sarcolemma at a fixed region and then this calcium spreads 
into the cytosol and it is then taken by the nucleus. As can also be seen, relaxation 
takes place with decrease of the cytosolic Ca“^, probably by calcium outflow through 
the sarcolemma Ca“^ pumps as well as the Na^-Ca~^ exchanger. The decrease of 
cytosolic calcium is followed immediately by a slow release of the Ca"^ that was 
buffered by the nucleus during the period of cytosolic Ca~^ increase. During 
excitation-contraction coupling, the pattern of increase of transient cytosolic Ca"^ 
follows a fast increase of cytosolic and nuclear free calcium. This fast period of Ca~^ 
increase was followed by a slower period of decrease of [Cd], and [Ca]„ that char- 
acterizes relaxation of the cardiomyocyte. Blockade of Ca"^ entry through the sar- 
colemma membrane by L-type Ca'^ channel antagonists completely blocked the 
increase of cytosolic and nuclear Ca~^ (13,14). Several hormones that act at their 
sarcolemmal respective receptors, such as Ang II, ET-1, epinephrine and bradykinin, 
affect the kinetics of excitation-contraction coupling as well as the level of [Ca], 
and [Ca]„ (14,15). 

Presence of functional G-protein coupled receptors at the nuclear mem- 
branes; recent development of ligands coupled to the fluorescent dyes permitted 
fluorescent labeling of several types of receptors in working single cells (14). More- 
over, using specific receptor antibodies coupled to fluorescent probes as well as 3- 
D confocal microscopy allowed the visualization and quantification of ligands and 
receptors all through the single cells. As can be seen in figure 4, simultaneous triple 
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Figure 2. Single cultured VSM cells from bovine aorta labeled with the fluorescent R-type calcium 
channel probe. Three-dimensional reconstructions were generated from 37 serial optical sections 
(O.lSjlm step-size) performed 20 minutes after addition of R-type probe, as described in the 
Materials and Methods. Panel (A) shows a rounded cell 30 minutes after attachment to the poly-L- 
lysine coated cover slip using depth-coded surface extraction. The cell remains rounded with only the 
nucleic and surface membranes respectively labeled. Panel (B) shows a cell 1 hour after attachment to 
the poly-L-lysine coated coverslip; the cell is now elongated with cytoplasmic projections extending 
over the surface of the coverslip. This reconstruction was performed using surface shading and empha- 
sizes surface topography. Panel (C) shows a pseudocolored lateral cross-section of the cell in panel C. 
The middle portion of the cell has been sectioned exposing the nucleus, with the remainder of the 
cell intact. As with endothelial cells, labeling is associated with the outer cell membrane and the 
nucleus. As can be seen in Panel (D), a cross-section of the entire cell demonstrates that labeling is 
exclusively associated with the nucleus and plasma membrane. Surface extraction was used to visualize 
labeling associated with membrane surfaces. All images were Gaussian-filtered. Linear fluorescence 
intensity scale from 0 to 255 are shown at the right for both black and white and pseudocolored 
images (Bkaily et al. unpublished results). 



a b c d e f g 



Figure 3. Cytosolic and overall nuclear Ca''^ transient during spontaneous contraction of single heart 
cell. Panels (a— g) are of spontaneously contracting human ventricular cardiomyocyte. The cell was 
scanned continuously at 3.5 second intervals. A, b, f and g are of quiescent periods, as witnessed by 
the low intensity of the stain. Panel C shows cytosolic Ca""^ increase and panel d shows spreading of 
the increase of cytosolic Ca""^ and its uptake by the nucleus. Panel e, shows decreasing of nuclear Ca""^ 
during relaxation of the single cell. Images are shown as pseudocolored representations according to 
intensity of fluorescence scale from 0— 255nm or calcium calibration scale from 0 to 40|lM. 
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Figure 4. Fluorescence labeling of ET-1, ET^ and ETb receptors in human aortic vascular smooth 
muscle cells. A: Labeling of ET-1. B: labeling of ETa^ receptors. C: Labeling of ETb receptors. Images 
are shown as pseudocolored representations according to an intensity of fluorescence scale from 0 to 
255. White bar is in |Llm. Panels A, B and C are different cells. 
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Figure 5. Three-dimensional reconstruction of ET-1 receptor distribution m sarcolemma-peri'orated 
chick heart cells. Use of the fluorescent ET-1 probe revealed the presence of ET-1 receptors m the 
nuclear envelope membrane (E). The colour scale represents the pseudocolor fluorescence intensity 
level (scale 0-255). The scale bar is in )Llm (modified from ref. 12). 
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labeling of ET-1, ET^ and ETb receptors showed clearly that a ligand such as ET- 
1 is also present in the nuclear envelope space and within the nucleus. The ETa 
receptors seem to be present only at the sarcolemma and in the cytosol. However, 
ETb receptors seem to be present all through the cell including at the nuclear mem- 
branes, in the nuclear envelope space and in the nucleopasm. These results clearly 
show that some types of receptors seem to be mainly localized at the sarcolemma 
membrane; however, some other types of receptors could be also present at the 
nuclear envelope membranes. These results also suggest that a hormone as well its 
receptor could be present within the nucleus. These ligands and their respective 
receptors could also be synthesized within the nucleus (18). The presence of a spe- 
cific type of receptor at the nuclear membranes may suggest that these receptors 
may indirectly regulate Ca^"^ entry through the nuclear envelope and/or release of 
Ca^"^ from the nucleoplasm (14). The presence of hormones such as ET-1 in the 
nucleoplasm and in the perinuclear plasma level may suggest that the peptides are 
able to activate their receptors at inner and outer membranes of the nucleus. 

Recent work from our laboratory showed that cytosolic administration of ligands 
such as ET-1, directly activates ET-1 receptors (most probably the ETb receptor) at 
the nuclear membrane level and induces an increase of nuclear Ca^"^ (Figure 5) that 
was insensitive to known L-type Ca^'^ channel blockers, but sensitive to cytosolic 
application of R-type Ca^^ channel antagonists and the calcium chelator, EGTA (9, 
14, 17, Bkaily et al., unpublished results). This information suggests that G-protein- 
coupled receptors are present and functional at the nuclear envelope membranes. 
The stimulation of these receptors modulates nuclear Ca^^ entry through nuclear 
membranes. The stimulation of these receptors seems to regulate the minimum and 
maximum Ca^'^ buffering capacity of the nucleus (9,13-15), thus preventing nuclear 
Ca^'*' overload and cell death (8,9). As can be seen in Figure 6, once the sarcolem- 
mal membrane of human aortic vascular smooth muscle cells was perforated using 
ionomycin or triton (9,13-15,17), cytosolic free Ca^'^ concentration gradually 
changed from 100 to 2000 nM following the administration of ET-1 (lOOnM) in 
the cytosol. Sequential addition of increasing concentrations of extranuclear free 
Ca^"^ induced sequential increase of nuclear free Ca^^. This increase started at 
200 nM of cytosolic free calcium. Nuclear uptake of cytosolic calcium reached 
a steady-state at a cytosolic Ca^"^ level near 1600nM. In presence of 1600 or 
2000 nM extranuclear free Ca^"^, addition of extranuclear ET-1 (lOOnM) did not 
induce further increase in [Ca]n. However, in presence of 100 nM cytosolic Ca^'^, 
superfusion with 100 nM ET-1 induced a significant increase of [Ca]n- In presence 
of cytosolic ET-1, superfusion with sequential increasing concentrations of extranu- 
clear free Ca^^ from 200 to 2000 nM did not further increase ET-1 induced 
sustained elevation of [Ca]n (Figure 6). 

DISCUSSION 

Using fluorescence confocal microscopy and fluo-3 Ca^^ measurements as weU as 
ligand-fluorescent probes, this study, together with other recently published reports 




480 IV. Novel Therapeutic Approaches to Cardiovascular Disease 



A 




B 




Figure 6. (A, B) Effect of cytosolic ET-1 on 3D measurements of intra-nuclear free Ca""^ fluores- 
cence intensity of plasma membrane perforated human aortic vascular smooth muscle cells before and 
after sequential addition of increasing concentrations of Ca*"^ (2(K>-20()0 nM) in the extranuclear 
medium. Mean fluorescence intensity values were calculated from the nuclei of 3D-reconstructed cells 
as described in Bkaily et al. (1996, 1997a). As can be seen, a gradual increase of free Ca"'*'-fluorescence 
intensity is observed in nuclei of 3D-reconstructed cells. Steady-state increase of nuclear Ca""^ was 
achieved at 1200 nM [Ca], and addition of (10"^ M) ET-1 to the cytosolic medium further increased 
[Ca]n. (B) in the presence of 100 nM [Ca]^., superfusion of the cytosol with lO^'M ET-1 increased 
[Ca]n and no further increase could be observ’ed when cytosolic Ca""^ was increased up to 2000 nM. 
The results are expressed in terms of absolute Ca""" fluorescence intensity and C is control nuclear free 
Ca""^ in presence of zero cytosolic Ca""^ that did not change upon superfusion with lOOnM [Ca],-. 
Values are expressed as means ± SEM. The number of experiments in A was 4 and in B, 14. Mea- 
surements were taken when the effect reached a steady-state level (modified from ref. 15). 
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by our group, clearly demonstrates the presence and contribution of the nifedipine- 
insensitive, isradipine-sensitive steady-state voltage dependent R-type Ca^"^ channel 
to regulation of calcium transport through the surface cell membrane and nuclear 
membranes of excitable and non excitable cell types, including heart, vascular 
endothelial and smooth muscle cells of human and animal origin. In addition, our 
results described here and those recently reported by several laboratories, including 
ours, demonstrate that the nucleus plays an important role in excitation-contraction 
and secretion coupling by controlling cytosolic Ca^"^ levels and waves. Our results 
highly suggest that the resting cytosolic and nuclear free Ca^"^, which determines 
the resting tension and/or secretion, is largely due to Ca^'^ influx through the sar- 
colemmal and nuclear membrane R-type Ca^"^ channels. However, the transient 
increase of [Ca]c and [Ca]n during excitation-contraction coupling is mainly due to 
Ca^^ influx through the sarcolemmalT and/or L-type Ca^"^ channels (13-15). These 
two types of Ca^"^ channels seem to act as “turbos” to bring a relatively fast increase 
of cytosolic Ca^'^. However, the R-type Ca^'^ channel wiU maintain the Ca^^ influx 
necessary for the maintaining of the tension which compensates Ca^"^ outflow 
through the Ca^"^ pump and the Na"^ — Ca^"^ exchanger. This R-type Ca^"^ channel 
seems to be distributed in a non-homogenous fashion, at both the surface cell mem- 
brane and the nuclear envelope membranes. This type of channel possesses no inac- 
tivation gate which would allow steady-state Ca^^ influx at rest, and upon sustained 
depolarization or receptor stimulation via a PTX and CTX sensitive G-protein 
coupled to the channel. 

During excitation-contraction coupling, the R-type Ca^"^ channel is implicated 
in allowing Ca^"^ wave initiation by Ca^^ influx through the opening of the T- and 
L-type Ca^^ channels and the subsequent large Ca^^ release from the SR in order 
to attenuate the cytosolic Ca^'^wave amplitude by allowing Ca^"^ influx through the 
nuclear membrane, thus permitting a smooth contraction. The subsequent release 
of the Ca^"^ taken up permits the maintenance of Ca^^ waves and slow relaxation 
and propagation of the waves to the neighboring cells, most likely through gap- 
junctions, allowing in this manner synchronization of the contraction of ventricu- 
lar cells (10). The fact that cytosolic Ca^"^ waves cannot be completely absorbed by 
the nucleus is due to the maximum Ca""^ buffering capacity of the nucleus, which 
is shielded from variations in cytosolic Ca^"^, perhaps by gating mechanisms in the 
perinuclear envelope (Figure 1) once its maximum capacity is reached. 

Other types of ionic channels were reported to be present at the nuclear mem- 
branes such as the calcium dependent potassium channel and chloride channel (26, 
for review see ref. 28). However, the role of these types of ionic channels in reg- 
ulating nuclear function is not yet known. 

Our results, as well as growing evidence in the literature, show that some G- 
protein coupled receptors such as ETb, ATi and E 2 -EP 3 receptors are also present 
at the nuclear membranes levels. The activation of these receptors by their respec- 
tive agonists seems to increase nucleoplasmic free Ca^"^. EP3 receptors were also 
reported to induce increase of eNOS RNA in cell-free isolated nuclear systems 
(26). Some of these receptors also participate in controlling the basal resting nucleo- 
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plasmic free calcium. Activation of these nuclear receptors seems to shield the 
nucleoplasm from sustained Ca^'^ overload. Such a nuclear Ca“^ overload may highly 
contribute to premature contraction of heart cells. It is possible that cytosolic Ca^^ 
overload is not only the product of abnormal functioning of sarcolemmal receptors 
and/or channels and/or sarcoplasmic or endoplasmic reticulum, but could also be 
largely due to abnormal functioning of nuclear membranes receptors and channels. 
Thus, since receptors and channels seem to be present at the nuclear membranes 
and seem to directly affect nuclear Ca""^ transport and function, and since the nucleus 
seems to be tightly contributing to excitation-contraction and secretion coupling, 
these receptors and channels (more particularly the R-type Ca“^ channel) could be 
a new target for developing a new generation of therapeutical drugs. 
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Summary, Several axioms that govern our understanding of the pathogenesis of post-MI con- 
gestive heart failure have recently been questioned or revisited in lieu of the relative flood 
of new data addressing the role of cardiac non-myocytes in this disease state. Among these 
is the assumption that the cardiac matrix necessarily serves a secondary role to initial pro- 
gressive dysfunction of cardiac myocytes. It is now well established that remodeling of the 
cardiac interstitium is a separate and distinct contributor to the progression to heart failure, 
and that the turnover of extracellular matrix is rapid enough to be relevant to progressive 
heart disease. As cardiac fibroblasts and myofibroblasts are the main source of matrix and 
regulate cardiac wound healing, the study of stimulating ligands and their signaling pathways 
may reveal novel sites for therapeutic intervention. This chapter provides background on the 
cardiac interstitial components and their turnover as well as providing support for the argu- 
ment for the need to address post-receptor components of classical TGF-p signaling in the 
regulation of cardiac (myo) fibroblast function, with an emphasis on Smad proteins and their 
cofactors/corepressors. 

Key words: heart failure, myocardial infarction, wound healing, myofibroblasts, Smad proteins. 

EXTRACELLULAR MATRIX AND THE HEART 

The extracellular matrix (ECM or matrix) of all mammalian organ systems is com- 
prised of a large variety of polysaccharides, proteins and proteoglycans, which form 
an intricate, continuous network between parenchymal cells (1). The majority of 
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these macromolecules are secreted locally by fibroblasts and their derivative cell types 
that are found throughout the body as well as in abundance within the myocardium 
(2). The matrix was once thought to serve essentially only as an inert scaffolding, 
stabilizing tissue structure. It has been shown, however, that matrix plays an active 
role in the regulation of the behavior of those cells it contacts, influencing devel- 
opment, migration and proliferation (3). Within the myocardium, approximately 75% 
of total tissue volume is made up of cardiac myocytes. This, however, only makes 
up about one third of the total cell number while the remaining two thirds are 
non-myocytes existing within the interstitium. These non-myocytes include fibrob- 
lasts, myofibroblasts, endothelial cells and vascular smooth muscle cells. Cardiac 
fibroblasts and myofibroblasts form the largest group among these non-myocyte 
ceUs (4). 

Components of the extracellular matrix 

There are two main classes of extracellular macromolecules that make up the matrix. 
The first class is composed of polysaccharide chains known as glycosaminoglycans 
(GAGs) which are frequently linked by covalent bonds to proteins forming pro- 
teoglycans (5). GAGs, proteoglycans and hyaluronic acid work to hydrate the ECM 
and thereby facilitate cardiac contractility and optimize the pumping action in 
healthy heart tissue (6,7). The second class which comprise the fibriUar proteins that 
impart two main functions in the interstitium i.e., adhesion (laminin and fibronectin) 
and tensile strength (elastin and collagen) (4). 

Laminin 

Laminin is the first ECM protein to be synthesized during embryonic development. 
It is a large (~850kDa) flexible complex consisting of three long polypeptide chains 
held together by disulfide bonds forming an asymmetric cross (8). Laminin contains 
four or more different structural domains that allow adherence to various molecules 
including those for collagen type IV, heparin, entactin, and laminin receptor pro- 
teins (9). In adult cardiac tissue, laminin is located along the length of the basement 
membrane and is concentrated in areas of morphological specialization including 
the sarcomeric Z bands (10). Laminin is known to mediate cell adhesion, migra- 
tion, growth and differentiation and plays an intrinsic role in the survival of cardiac 
myocytes in culture (11,12). 

Fibronectin 

Fibronectin is a large glycoprotein with multiple sub-ty^pes but is essentially a dimer 
composed of two subunits joined together by a disulfide bond near their carboxy- 
termini. Each subunit contains complex folded rod-like domains that contain 
binding sites for heparin, collagen and cell adhesion. Fibronectin therefore serves as 
a liaison for cardiac myocytes to the interstitial collagen knit (13). Plasma fibronectin 
is a soluble form of the protein and participates in blood clotting, wound healing 
and phagocytosis. The remaining isoforms are all highly insoluble and assemble upon 
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the surface of cells. These are then deposited into the ECM as fibronectin filaments. 
These various isoforms are, however, encoded by a single large gene containing 
approximately 50 exons. The diverse array of fibronectin isoforms is obtained by 
the method of alternative splicing in three regions of the primary RNA transcript. 
The predominant isoform expressed seems to rely upon the specific cell type and 
developmental stage of the tissue (14). 

Elastin 

The cardiac interstitium contains small amounts of elastin. The networks of elastic 
fibers allow for the resilience required to recoil after a transient stretch and inter- 
woven inelastic fibers prevent tearing (15). Elastin is the main element of elastic 
fibers and is a highly hydrophobic protein. It is secreted into the extracellular space 
and the completed elastic fibers remain near the plasma membrane becoming highly 
cross-linked and form an web of fibers and sheets (15). 

Collagen 

Cardiac fibrillar collagens are characterized by the long, stiff, triple-stranded helical 
structure of each molecule, and collagen is an important structural component of 
the heart. In the myocardium, collagen fibers are laid out in an intricate network 
consisting of the epimysium, the perimysium and the endomysium, and are con- 
tinuous with chordae tendineae and valve leaflets (16). Studies have shown that 
its tensile strength, which is proportional to collagen strut thickness, alignment, 
configuration and location confer myocardial stiffness and maintenance of myocyte 
alignment on a beat-to-beat basis (17). Collagen proteins also have other roles within 
the myocardium, including force transduction, prevention of muscle fiber slippage, 
protection from myocytic over-stretching, and storage of potential energy during 
cardiac systole (18,19). 

Synthesis of collagen 

Cardiac fibroblasts synthesize, then translate fibrillar coUagen mRNAs on membrane 
bound ribosomes. These individual polypeptide chains contain a short amino- 
terminal peptide sequence signal and additional amino acids called propeptides at 
both ends. They are then directed into the lumen of the endoplasmic reticulum 
(ER) as large precursors called pro-a chains (20). Within the ER, the nascent 
pro-a chains undergo hydroxylation of selected proline and lysine amino acid 
residues. Further modifications are made such as glycosylation of certain hydroxy- 
lated prolines that enable the subsequent spontaneous assembly of three pro-a 
chains into mature procollagen proteins (2). The procollagen molecules are then 
transported to the cellular plasma membrane via a secretory vesicle and, within the 
extracellular space, the secreted procollagens are converted into mature collagen 
molecules by the removal of the propeptides by proteolytic enzymes. The charac- 
teristic triple helix structure is formed from three collagen molecules, organized 
individually as a-helices, wound together in a ropelike superhelix (21). All collagens 
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are proline and glycine rich, this feature being a fundamental structural require- 
ment. The amino acid proline contains a ring structure that acts to stabilize the 
helical conformation in each a-helix. Glycine, the simplest and smallest amino acid, 
is located in regular intervals, every third residue, along the central region of each 
a-chain. The significance of this arrangement of glycines is that it allows the 
three a-helices to coil tightly together to form the final superhelix (22). This super- 
helix is composed of either three identical a-chains (homotrimers) or different 
chains (heterotrimers) with the exception of the collagen isoform IV, which is a 
homodimer (23). 

The propeptides serve two functions; the first role is to guide the procollagen 
to the ER previously mentioned, while the second lies in the prevention of self- 
assembling into large intracellular collagen fibrils. This could create unfavorable 
conditions in the cell, and would lead to the death of the synthetic source cell. 
Collagen fibrils are composed of many collagen molecules assembled into a 10- 
300 nm structure. These fibrils form close to the cell surface and aggregate to- 
gether creating a collagen fiber (2). 

Collagen sub-types 

To date there have been about 25 distinct collagen a chains identified, each encoded 
by a separate gene. Different combinations of these genes are expressed in different 
tissues (22), although only 15 types have been isolated and characterized to date. 
The main isoforms found in heart tissues are types I, III, IV, V and VI although it 
is the fibrillar collagens (types I and III) which account for 90% of the collagens 
found within the myocardium (23,24). Type I collagen has the tensile strength 
approximating steel and accounts for nearly 75% of the total collagen makeup in 
the myocardium (25). This type of collagen forms aggregates of relatively thick fibers 
and has the molecular formula [al(I)]2a2(I) (2). Type III collagen is much more 
distensible than type I and forms aggregates of finer fibers. Other than heart tissue, 
type III collagen is found in the skin and blood vessels and has a molecular formula 
of [al(III )]3 (26). The remaining cardiac collagen isoforms (IV, V, and VI) only 
amount to about 10% of the total collagen complement. Collagen type IV is a base- 
ment membrane protein found in myocytes, myofibroblasts and most other cardiac 
cell types where it plays a crucial role in cell adhesion and molecular transport 
(23,24). The type V collagen isoform co-exists in the basement membranes in asso- 
ciation with type IV collagen as well as with types I and III in the interstitium (24). 
Collagen type VI intermingles in the interstitium where it appears to coat the surface 
of the fibrillar collagens (24). 

Cardiovascular disease and matrix remodeling 

In consideration of stromal and parenchymal left ventricle, global remodeling is char- 
acterized by structural changes involving ventricular chamber size, wall thickness, 
and cellular composition (27). These changes are regulated by mechanical, neuro- 
hormonal, and genetic factors. Cardiac remodeling can be either physiological 
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(adaptive) as occurs during normal growth or intensive atheletic training, or patho- 
logical (maladaptive) attending surviving myocardial tissue post-MI, or in car- 
diomyopathy (CMP), hypertension, and chronic valvular heart disease (28). 

Myocardial infarction 

Congestive heart failure results from diverse etiologies via multiple pathophysiolog- 
ical mechanisms. Common endpoints are chamber dilatation, contractile dysfunc- 
tion, and stiffening of the myocardium. The most prevalent etiology leading to CHF 
is transmural MI (29). Myocardial infarction is defined as the death of a segment 
of the heart muscle following the interruption of blood flow (30). This occurs 
within minutes of occlusion and reduces ventricular pump performance in propor- 
tion to the amount of ischemic tissue (31). This loss of functioning myocardium 
provokes the redistribution of work load to the remaining viable heart muscle to 
maintain physiological cardiac output and blood flow (32). Cessation of blood flow 
to an area of the myocardium may be due to coronary thrombosis or vasospasm or 
embolization of one of the coronary arteries. The coronary arteries, particularly the 
left coronary artery, can also be blocked by atherosclerotic plaque, confining 
the majority of infarction to the left ventricle. A patient suffering from an acute 
MI presents such symptoms as sudden severe chest pain radiating to the arm and 
throat, arrhythmias, dyspnea, syncope, and either high or low blood pressure (33). 
MI involving coronary stenosis due to the presence of atherosclerotic plaques usually 
occurs in men aged 40 and above and the risk in women following menopause is 
equalized to the risk found in men (33). MI of this nature can also occur at a 
younger age due to genetic predisposition. Patients suffering from MI with normal 
coronary arteries are usually younger than those with coronary artery disease and 
are cigarette smokers or cocaine users (34). 

Extracellular matrix remodeling 

The process of ventricular remodeling is not well understood. It is defined as a 
repair process after an ischemic, toxic or inflammatory event in the heart or fol- 
lowing hemodynamic overload, commonly resulting in fibrosis (35). This change in 
shape and composition is thought to compensate in acute or chronic alterations 
from normal demand on the myocardium (35). The term “slippage of myofilaments” 
has been coined referring to the destruction of connective tissue and may represent 
the initial remodeling event. Net removal or shuffling of matrix components is 
known to diminish the functional capacity of the heart (36). Myofibrillar slippage 
will result in reduced systolic performance leading to increased diastolic stiffness as 
a consequence of the changes of interstitial cell matrix composition. Cells of the 
myocardium also endure alterations such as hypertrophy or hyperplasia and may 
undergo a process known as programmed cell death or apoptosis (37). At a subcel- 
lular level, gene expression “switches” to a fetal phenotype in cardiomyocytes evi- 
denced by elaboration of atrial natriuretic peptide and skeletal a-actin. In cardiac 
fibroblasts fibrillar collagen is synthesized at abnormal levels (38). Cardiovascular 
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remodeling is affected by various factors including mechanical, neurohormonal and 
genetic influences. 

Mechanical factors 

The heart is constantly experiencing mechanical disturbances including shear and 
tensile stresses. During embryonic development, cells of the cardiovascular system 
respond to these mechanical forces in a positive manner and it is used as a stimu- 
lus for synthesis of ECM via cardiac fibroblasts. The adult myocardium is also 
exposed to constant mechanical forces. Cyclical stresses during the normal cardiac 
cycle do not create pathology in the myocardium, however, changes in either blood 
pressure or volume will stimulate cardiac remodeling (39). Therefore, it has been 
suggested that the mechanical environment of the heart is a key modulator of cel- 
lular function. ECM remodeling occurs in blood vessels and in the heart in response 
to increased mechanical load originating from such causes as elevated blood pres- 
sure or decreased cardiac output. There is strong evidence supporting the idea that 
increased mechanical forces have a direct effect on myocyte hypertrophy, however, 
the regulation of collagen deposition appears to involve additional players (40). 
Studies have shown that a change in mechanical load in the heart activates the 
release of pro-fibrotic growth factors such as transforming growth factor-P (39) and 
angiotensin II (26). These factors play a significant role in the increased production 
of total protein and fibrillar collagens type I and III (41). Volume and pressure over- 
load will stimulate collagen synthesis, however, in the case of volume overload or 
the early phases of pressure overload, collagen deposition is matched by myocyte 
hypertrophy. Remodeling in this manner results in an enlarged ventricle with a 
normal collagen composition. With chronic pressure overload the myocardium 
remodels differently as collagen synthesis exceeds the hypertrophic response result- 
ing in fibrosis (40). 

Factors that require genetic regulation 

Genes important to cell signaling via phosphorylation and dephosphorylation of spe- 
cific target proteins are implicated in cardiac fibrosis and the pathogenesis of heart 
failure. Members of the mitogen activated protein kinase (MAPK) family including 
extracellular signal-regulated kinase (ERK) and c-jt4ft NH2-terminal kinase (JNK) 
play key roles in the regulation of cell growth, apoptosis and gene expression (42). 
Although the role of MAPKs in cell growth and regulation may be crucial, specific 
mechanisms are not well defined. Recent studies of the activities of these kinases 
in cardiac hypertrophic or hypertensive rats have shown that JNK activity is chron- 
ically enhanced. This induction of JNK activity is followed by the upregulation of 
activator protein-1 (AP-1) activity'. AP-1, a heterodimer of c-Fos and c-Jun, will 
then bind to a specific sequence in target promoters (43). Presently, data have shown 
that AP-1 transcriptional activation is mediated by TGF-P and involves an interac- 
tion with another important family of transcription factors important in cardiac 
remodeling, the Smad proteins (44). As ERK and JNK activity are elevated in hyper- 
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tensive rats when compared to normotensive age-matched controls, these MAPKs 
may be a useful target for controlling cardiac remodeling (43). 

Another genetic factor involved in cardiac remodeling is apoptosis, or pro- 
grammed myocyte dropout (45). The process of apoptosis involves discrete genetic 
and molecular programs, de novo protein synthesis, and expression of a unique cel- 
lular phenotype. Certain myocytes within the myocardium undergo apoptosis 
following such traumas as acute MI, and ischemic and non-ischemic heart failure 
(46). Programmed cell death is potently stimulated by oxygen radicals, cytokines 
(FAS/TNFa receptor signaling), stress conditions (chemical and physical) and hor- 
mones (Angiotensin) (46). Apoptosis of ventricular myocytes will result in progres- 
sive pump failure, arrhythmias, and remodeling. It is thought that MAPKs are a 
potential target of preventative therapies (46). 

Neurohormonal factors 

Ventricular remodeling involves the activation of both the adrenergic and ICAA.S 
systems following increased wall stress. Studies indicate that myocardial contractil- 
ity is vastly decreased during CHF, partially due to alterations in p-adrenergic 
receptor-mediated signal transduction (47). These changes in signaling result in 
a decreased production of cyclic AMP (cAMP) which, in turn, decreases intra- 
cellular calcium concentration. The reduction of intracellular calcium contributes 
to the attenuation of contractile force (48). In the failing heart, mRNA message 
levels for both p-1 and p-2 receptors are decreased as well as protein expression 
levels. However, a-1 receptor density remains unchanged or is slightly increased 
during heart failure and has been associated with myocyte growth and cardiac 
hypertrophy (49). 

Considerable effort has been focused on the humoral mechanisms responsible 
for transducing increased hemodynamic load in cases of CHF into adaptive cardiac 
remodeling. The PJVAS signaling system and its primary effector peptide, 
angiotensin II (angiotensin), contribute to cardiac remodeling (50). Reparative 
fibrosis, which is secondary to myocyte necrosis and reactive fibrosis contributes to 
this remodeling and angiotensin appears to play a key role in regulating this pathol- 
ogy (26). In the circulating PJVAS, the liver derived precursor, angiotensinogen (Aq) 
is cleaved by the kidney derived protein renin to form angiotensin I. Angiotensin 
I is converted to the biologically active product, angiotensin, by either ACE, cathep- 
sin G or Tonin (51). Angiotensin is a potent vasoconstrictor and promotes the 
production of aldosterone, an important player in renal function. In addition to 
this systematic angiotensin production, a local PJVAS system exists in the cardio- 
vascular system (52). Although the components of the ITAAS are localized in 
cardiac cells, this system cannot function without the final effector protein, the 
angiotensin receptor. In human and rat myocardium, angiotensin receptors 
have been identified in human and rat atria, ventricles, myocytes and cardiac fibrob- 
lasts (50). Biochemical and pharmacological studies have characterized two 
angiotensin receptor subgroups, angiotensin type I (AT|) and angiotensin type II 
(AT 2 ) (53). The ATi receptor is a seven transmembrane domain protein and is further 
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subdivided into AT, a and AT,b classes (54). The effect of short-term AT, receptor 
blockade has been previously studied and this therapy has been associated with the 
normalization of collagen turnover in hearts affected by either MI or cardiomy- 
opathy (55). Thus, antagonism of the AT, receptor is another method of reducing 
or reversing remodeling. 

Until recently, it was generally accepted that angiotensin signaling was mediated 
mainly through the AT, receptors in the myocardium. Ironically, it had been 
observed that increased mechanical load causes the upregulation of both AT , and 
AT 2 mRNA and protein expression (56). New evidence however, has demonstrated 
that the re-expressed AT 2 receptor, located on cardiac fibroblast surfaces, exert an 
inhibitory effect on angiotensin-induced mitogen signals (57) thus introducing a 
novel mode of remodeling control. 

Data from our lab acquired using cardiac fibroblasts have suggested that specific 
growth factors, primarily TGF-(3, may indirectly mediate the stimulatory effects of 
angiotensin (114). In addition to increasing TGF-P, secretion, angiotensin may play 
a role in stimulating the conversion of latent TGF-p, propeptide into its active form 
(58). Also, simultaneous treatment with angiotensin and a TGF-p, neutralizing 
peptide in cultured cardiac fibroblasts reduces collagen type I and III mRNA expres- 
sion. Together these data suggest that angiotensin may act upon fibroblasts indirectly 
through an autocrine/paracrine loop via TGF-P, to induce fibrotic protein synthe- 
sis (59). 

The TGF-p/Smad signaling pathway 

Two novel concepts or paradigms are emerging to explain the mechanism by which 
cells process cytokine signaling. First, it is becoming clear that cytokine signaling 
pathways are not discrete but that they act via a complex network with other factors 
through multiple cross-talk and feedback interactions. Secondly, although it has long 
been clear that a specific response to a pleuripotent factor is dependent on cell type, 
it is now becoming evident that this variable response may rely upon the specific 
expression of a specific subset of transcription cofactors within a given cell type 
(60). Thus cofactor specificity confers a characteristic cellular response, wherein that 
response is variable. 

The TGF-P superfamily of cytokines consists of many structurally related pep- 
tides that function as either growth or differentiation factors. Members of theTGF- 
P superfamily are produced by numerous cell types and include the TGF-ps, the 
bone morphogenic proteins (BMP), the activins, and anti-Miillerian hormones (61). 
Each member of this family is capable of regulating a vast array of cellular processes 
including cell proliferation, lineage determination, motility, adhesion and cell death 
(62). Several of these modes of regulation stem from changes in the expression of 
key target genes; hence, understanding transcriptional control via the TGF-P family 
is of great importance (63). 

All members of the TGF-p superfamily are synthesized as latent precursors con- 
taining a C-terminal domain that is cleaved upon secretion from the cell (64). This 
propeptide, known as the latency associated peptide (LAP), remains covalently bound 
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to the secreted ligand and keeps it in a latent form by obstructing its binding to 
receptors (65). A large glycoprotein is the third component of the latent TGF-p 
complex. Latent TGF-|3-binding protein (LTBP) is linked by a disulfide bond to 
LAP and while not essential for latency, plays a role in secretion and storage in the 
ECM, and for the eventual activation of the ligand (66). 

TGF-P isoforms and function 

Mature TGF-p proteins are 25kDa homodimers, with each monomer consisting of 
112 amino acids, 9 of which are cysteine residues. The three main isoforms are 
called TGF-pi, -P 2 and -p 3 . All TGF-P isoforms contain 72% to 80% sequence 
conservation, with the N-terminal region being the most divergent (67). TGF-Pi, 
which has been isolated in both cardiac myocytes and fibroblasts, has been impli- 
cated in fibrotic disorders (68,69). Increased expression ofTGF-pi was observed 
using ELISA and Northern blot techniques within the bordering and scar regions 
of the myocardium following MI, suggesting a role for this cytokine in post-MI 
repair (70). 

TGF-p receptors and ligand interaction 

TGF-p and its related factors signal through the transmembrane serine/threonine 
receptors referred to as the TGF-p receptor family. The members of this family are 
divided into two sub-populations, type I (TPR-I) and type II (TpR-II) receptors, 
based on their structural and functional properties (62). However, the overall struc- 
ture of all these receptors are the same and include an N-terminal signal sequence, 
a short cysteine-rich extracellular region, a single hydrophobic membrane spanning 
domain, and a kinase containing cytoplasmic region (71). 

The relatively short (-150 amino acids) extracellular domain of these receptors 
contains 10 or more cysteine residues that determine the exterior folding pattern. 
Three of these residues are characteristically clustered near the transmembrane 
domain while spacing varies for the others (72). Unlike the other domains, the 
transmembrane domain and the cytoplasmic juxtamembrane region themselves 
bear no singular structural feature. However this region of TPR-II (Ser 213) is 
phosphorylated by a kinase in a ligand-independent manner and is required 
for signal propagation (73). TpR-II phosphorylates the Seri 65 in the juxtamem- 
brane region ofTpR-I in a ligand-dependent fashion. It is the latter phosphoryla- 
tion event that appears to selectively modulate the intensity of the different TGF-p 
responses (74). 

A highly conserved 30 amino acid region immediately preceding the protein 
kinase domain is a feature unique to the TGF-p type I receptors. It is termed the 
“GS region” as it contains characteristically an “SGSGSG” domain (75). Directly 
after this sequence lies a leucine-proline motif found on all members of the type I 
receptor family. It has been shown that mutation of the amino acid in the second 
to last position of the GS domain, which is always a glutamine or threonine, ele- 
vates receptor activity in vitro, allowing constitutive signal activity (76). Therefore 
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the GS domain is a key regulatory region which controls catalytic activity of the 
type I receptor kinase or substrate interaction (62). 

Both type I and type II TGF-P receptors contain a serine-threonine kinase 
domain (71). Type I receptors have been observed to phosphorylate their only 
known substrates, the Smad proteins, on their serine residues while type II recep- 
tors phosphorylate themselves on serine and threonine moieties (77). Another dif- 
ference between the receptor subtypes is that only the TpR-II contains a short 
C-terminal extension following the kinase domain. This extension may be phos- 
phorylated, however, its deletion does not impair signaling (78). This is in vast con- 
trast to the significant role the C-terminal extension plays in tyrosine kinase signal 
transduction (79). 

TGF-p activates signaling by binding to and causing dimerization ofTpR-I and 
TpR-II receptors. There are two general modes by which ligand binding have been 
observed: sequential binding and cooperative binding (62). Sequential binding 
involves TGF-p binding first to TpR-II and this complex then associating withTpR- 
I. The type I receptors can recognize the difference between free and bound ligand, 
complexing only with receptor bound ligand. The second binding mode is not 
typical of TGF-p binding but that of BMP and its receptors. These receptors bind 
with high affinity to the BMP ligand when expressed together but weakly when 
expressed separately (80). 

Smad proteins as mediators of TGF-P signaling 

The Smad family of proteins are substrates for what is becoming known as classi- 
cal transduction of TGF-P receptor signaling. These proteins play a crucial role in 
the propagation of TGF-p receptor signals to target genes within the cellular nucleus 
(62). The first member of the Smad family was identified in Drosophila as the gene 
product of Mad (mothers against decapentaplegic) (81). Its discovery led to the identi- 
fication of related genes in nematodes and vertebrates. Three homologous proteins 
were identified in C. elegans and were named Sma-2, Sma-3 and Sma-4 as their 
mutation caused a small body size (82). Following this discovery, many related genes 
were also identified in humans and were aptly named Smads meaning Sma/Mad 
related (83). It is now clear that Smad proteins are the downstream effectors of the 
TGF-P receptors. 

Structure of smads: MH-1 and MH-2 domains 

Smad proteins associated with TGF-p signaling are divided into three distinct sub- 
classes (Figure lA), the pathway specific or receptor-mediated Smads (R-Smads, 
Smad 2 and 3), the common mediator Smads (Co-Smads, Smad 4) and the 
inhibitory Smads (I-Smads, Smad 6 and 7) (62). The Smad family of proteins contain 
two highly conserved regions at their N- and C-terminal that are referred to as 
Mad homology region 1 (MH-1) and MH-2, respectively (Figure IB). These regions 
are linked together by a non-conserved “linker” region of variable length (84). The 
MH-1 domain consists of approximately 130 amino acid residues and is only highly 
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Figure 1. Expression of phosphorylated Ski (P-Ski) in 8 week post-MI cardiac tissues. Panel A: 
Cytosolic fraction of the tissue samples. Panel B: Total protein from tissue samples. A 
preponderance of localized P-Ski exists in the cytosol of infarct scar cells (mainly myofibroblasts at 
8 weeks post-MI). 



conserved in R- and Co-Smads but not the inhibitory Smads (62). The MH-1 
domain of an R-Smad protein contains a p-hairpin loop which is responsible for 
DNA recognition upon activation. The MH-1 domain is also known to inhibit 
MH-2 binding to TpR-I (85). The MH-2 domain is approximately 200 residues in 
length and is responsible for Smad/receptor interaction, R-Smad/Co-Smad inter- 
action, DNA binding protein interaction and transcriptional activation (62). These 
functions are conferred by the presence of receptor phosphorylation sites required 
for R-Smad activation (i.e., Co-Smad binding and subsequent translocation). Over- 
expression of the MH-1 domain has been demonstrated to inhibit R-Smad/Co- 
Smad association. Specificity of receptor binding is conferred by a sequence of 
amino acids located within the L3 loop of the MH2 domain (86). The highly vari- 
able (i.e. not conserved) MH-1 /MH-2 linker region likely subserves R-Smads as 
its domain contains MAPK phosphorylation sites, which when activated by MAPK 
signaling, inhibit Smad nuclear translocation (119). 

The Smad protein signaling pathway 

R-Smads are cytoplasmic proteins that become activated upon association with the 
C-terminal kinase domain of the type I receptors (87) . These Smads contain a highly 
conserved “SSXS” motif at their carboxy-termini with the last two serine residues 
becoming phosphorylated upon activation (77,87). Blocking R-Smad phosphory- 
lation prevents two subsequent signal-dependent actions, association with Co-Smads 
and translocation to the nucleus (88). The protein SARA contains a lipid-binding 
FYVE domain and functions to recruit unphosphorylated R-Smads to the 
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transmembrane spanning TGF-p receptors (89). Association of R-Smads with the 
type I receptor is transient and upon phosphorylation of the two C-terminal serine 
residues the R-Smad protein is released from both the TGF-P receptor and SARA 
protein (77,89,90). 

Following its release from the type I receptor, R-Smads form a heterodimer with 
the common mediator Smad, Smad 4 (88). The Smad 4 chaperone protein, TGF-P 
receptor associated protein 1 (TRAPl), mediates the association of Smad 2 and 
Smad 4 (91). TFTAPl binds to inactive TPR-II and dissociates upon receptor acti- 
vation, altering its conformation to form a transient complex with Smad 4. This 
TRAPl /Smad 4 complex is observed only in the absence of Smad 2 suggesting 
that it is a transient complex visualized only in the absence of an acceptor R-Smad 
(91). Upon signal activation, cytosolic R-Smads form heterodimers with Co-Smads 
and regulated translocation of this complex to the cellular nucleus is a key event 
leading to the induction of target gene transcription (84,92,93). The Co-Smads are 
structurally similar to R-Smads but do not contain the SSXS motif at their C- 
terminal end as their R-Smad counterparts. Lacking this SSXS-carboxy region 
results in the inability to associate with type I receptors, implicating a novel func- 
tion for this Smad subtype (77,90,94). To date, Smad 4 is the only known verte- 
brate common-mediator protein (95,96). 

Translocation is recognized as a receptor activation dependent phenomenon, as 
mutations within the sites for type I receptor phosphorylation prevent this event 
(88). It has also been observed that although phosphorylation triggers both Co- 
Smad association and translocation, dimerization with a Co-Smad is not required 
for R-Smad nuclear entry (88). How these Smad proteins propagate the signal to 
target genes is still relatively unclear. Smad 2, in contrast to Smad 3, contains an 
extra amino acid sequence at its N-terminal domain that makes it unable to bind 
to DNA with great affinity. In such cases it is Smad 4 that is responsible for DNA 
interaction (97). This, along with the recent discovery of various response elements 
within target genes, suggests that transcriptional co-factors are required for compe- 
tent gene transcriptional regulation (98). 

The third subclass of Smad proteins, the inhibitory Smads, contain the MH2 
domain of the other Smad types, but similar to Co-Smads lack the SSXS motif 
The I-Smads are unique, however, as they do not share any homology in their N- 
terminals (99, 100). Similar to R-Smads, Smad 6 and 7 directly interact with the 
type I receptor. Since these Smads do not contain the C-terminal phosphorylation 
sites, the association with the receptor is more stable and thus impedes signal trans- 
duction by competitive inhibition with R-Smads (99,100,101). Smad 7 is localized 
within the nucleus prior to TGF-P stimulation. Translocation to the cytosol is 
observed following this stimulation (102). Western analysis of the cytosolic fraction 
of adult rat primary cardiac fibroblasts following TGF-pi stimulation indicate an 
increase in Smad 7 expression after 60 minutes and a return to basal levels at 120 
minutes (103). These proteins may therefore act as an auto-regulatory negative feed- 
back system in TGF-p signal transduction. The two vertebrate I-Smads function as 
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inhibitors differently. Smad 7 is a general inhibitor of R-Smad activation whereas 
Smad 6 selectively inhibits Smad 2 but not Smad 3 (99,100). 

Other TGF-P downstream factors 

In addition to Smad proteins, G proteins and MAPKs have been thought to func- 
tion as downstream effectors of theTGF-p signaling pathway (104). There are several 
classes of G proteins including the small G proteins and the heterotrimeric signal 
transducing proteins (105,106). Of the latter class, G, and G, modulate the activity 
of adenylyl cyclase and G protein function may be modified by bacterial exotoxins 
(105). These toxins can also affect some of the biological activities ofTGF-p (107). 
Experiments have shown that stable transfection of G,ai into NIFi 3T3 fibroblasts, 
a cell line exhibiting little responsiveness to TGF-p, restores TGF-p responsiveness 
to control levels (108). Many studies have shown that the small G proteins (Ras, 
Rac, Rho and Cdc42) play a central role in the downstream signaling pathway of 
receptors, such as angiotensin type I receptor (ATj receptor). The association of the 
small G protein, Ras, and tyrosine receptors requires protein intermediates such as 
Grb2 (109). Other proteins are required to activate the membrane bound Ras which 
leads to the activation of members of the MAPK family (ERKs, p38-MAPK and 
JNKs) (109,110). 

Small G proteins and the MAPK cascade are also involved in serine/threonine 
kinase receptor signaling. This was demonstrated using a TGF-P sensitive cell line 
and showing small G proteins are activated by TGF-P (111). TGF-P has been shown 
to activate all three of the MAPK cascades (112). Collectively these results indicate 
that signal transduction by the TGF-P family can be influenced by the small G pro- 
teins and the MAPKs (112). Smad proteins are also known to interact with the 
MAPK cascade (113). Whether or not the integration of actions between the Smad 
and MAPK proteins are a general feature in TGF-p signaling remain unknown. 
However, it has been suggested that the specificity of ligand response is determined 
not only by activated TpRI/TpRII complexes but also by the combination of other 
downstream effectors present in the ceU. This is a concept that is supported by evi- 
dence for cross-talk between the angiotensin/TGF-p signaling pathways (104,114). 

Transcriptional co-factors 

Eukaryotic transcription is highly regulated by two classes of transcription factors. 
General transcription factors (GTFs) bind to an unspecific core promoter sequence 
in close proximity to the transcription initiation site. Together with an RNA poly- 
merase they form the pre-initiation complex (115). The second class includes 
sequence-specific transcription factors that bind to regulatory DNA elements 
located at various distances upstream from the transcription start site. These DNA 
regulatory elements contain a specific DNA sequence necessary for transcription 
factor binding. Factors bound to this region will interact with other downstream 
factors to either activate or inhibit gene transcription (116). Both of these classes 
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of transcription factors contact RNA polymerases, either directly or via mediators 
in an initiation complex (117). 

DNA binding motifs 

DNA-protein interactions are highly specific and among the tightest molecular 
interactions found in nature (118). X-ray crystallography and NMR spectroscopy 
techniques of approximately 20 gene regulatory proteins found to complex with 
DNA were used to examine the structure of these proteins. It was discovered that 
these proteins contain one of a small subset of structural motifs and interact with 
the major groove of DNA using either a-helices or p-sheets (119). 

The helix-turn-helix motif 

The helix-turn helix (HTH) was the first DNA binding motif to be discovered and 
has been found to be the most common form (120). This motif is constructed of 
two a-helices linked together connected by a short sequence of amino acids making 
up the “turn” of this structure (121). The two helices are maintained at a fixed 
angle, via interactions of the helices, to allow for accurate interaction with the DNA 
binding sites. Interaction with DNA by this type ot transcription factor occurs 
through the carboxy-terminal helix known as the ‘recognition' helix and the varying 
amino acid side chains of each protein (122). The remaining protein structure varies 
greatly allowing each protein to present itself to the major groove uniquely. The 
polypeptide outside of the motif also helps to fine tune the protein/DNA interac- 
tion (123). 

Homeodomain transcription factors are a separate class of HTHs. It was noted 
that several sequences of homeotic selector genes contained a conserved 60 amino 
acid residue sequence known as the homeodomain (124). The structure of a home- 
odomain protein bound to a specific DNA sequence differs from the previously 
described HTHs. The HTH motif of homeodomain proteins is always surrounded 
by the same structure and therefore will present itself to the DNA sequence in the 
same fashion (125). 

The zinc finger motif 

The zinc finger motif is structurally more complex than the HTH, which is com- 
prised solely of amino acid residues. This second class of binding motif utilizes one 
or more atoms of zinc as a structural component, lending to its name (2). Previ- 
ously, due to a schematic depiction of these proteins, these motifs were known as 
zinc fingers. Subsequent structural analyses have shown that these proteins are struc- 
turally different and can be placed into various classes (126). One subtype of zinc 
finger is a relatively simple structure consisting of an a-helix and a p-sheet that is 
held together by a zinc molecule. These proteins are usually found clustered together 
in a manner that does not allow the a-helices to contact the major groove. This 
long repeated series of zinc fingers allows for strong and specific DNA-protein inter- 
action (127). 
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Another class of zinc finger is found to be a member of a large family of intra- 
cellular receptor proteins forming a structure similar to the HTH motif This struc- 
ture consists of two a-helices held together by two zinc molecules. This subclass of 
zinc fingers form dimers that allow one of the two a-helices of each subunit to 
interact with the DNA major groove. It is good to note that both of these zinc 
finger subtypes use zinc as a structural element and that both use an a-helix to rec- 
ognize DNA (128). 

The leucine zipper motif 

Many of the regulatory proteins function as dimers as it is a simple way to achieve 
strong and specific interactions with DNA. Often, these regulatory proteins are seg- 
mented into two areas, one that is responsible for dimerization and one that makes 
contact with DNA. A third separate motif known as the leucine zipper combines 
both of these functions (129). The leucine zipper is composed of two HTH a-helix 
monomers joined together to form a short coiled-coil. These helices are held 
together by hydrophobic interactions of amino acid side chains which often contain 
leucine residues (130). Just past the dimerization interface, the two a-helices sepa- 
rate forming aY shaped structure that contacts DNA in a clothespin-like manner. 

Leucine zippers can either form homodimers or heterodimers. Heterodimers 
usually form between two proteins that possess distinct DNA-binding specificities. 
This vastly increases the number of DNA-binding sequences that these proteins can 
recognize, an example of 'combinational control'. Combinational control refers to the 
process by which combinations of proteins, rather than individual proteins, control 
cellular processes (128). As there are many types of leucine zipper proteins it is 
thought that the majority form homodimers, otherwise the amount of crosstalk pos- 
sible between the gene regulatory circuits could create havoc in the cell (131). 

The winged helix motif 

As previously described, transcription factors are usually classified according to the 
structural motif involved in DNA binding or, in some cases, the oligomerization 
domain. Within the last ten years, a structurally unique motif was identified in the 
Drosophila fork head gene product and in rat hepatocyte nuclear factor 3 (HNF3) 
(132). The Drosophila fork head gene is responsible for proper terminal structure 
formation during embryonic development. In situ studies revealed the early pres- 
ence of both forkhead mRNA and protein in endodermal tissues, the protein being 
localized mainly within the nucleus. This nuclear localization suggested that it might 
function as a transcriptional regulator (133). Following the discovery of forkhead, a 
small family of hepatocyte enriched DNA binding transcription factors were iden- 
tified in rodents, the HNF-3 family (134). Upon inspection of the HNF-3 110 
amino acid DNA binding domain it was noted that the sequence did not bear any 
resemblance to any known transcription factor motifs (135). When compared to the 
Drosophila forkhead protein DNA binding sequence, it was discovered that there was 
a high degree of sequence homology. Thus forkhead and HNF-3 are considered to 
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be the founding members of the family of transcription factors, for structural 
reasons, named winged helix proteins (WH) (134,136). Members of the WH family 
are expressed throughout a wide range of tissues during various stages of develop- 
ment and act to control the regulation of cell determination, cell proliferation and 
differentiation (137,138). 

The topological structure of the winged helix motif is a compact a/p structure 
consisting of two wings, (W1 and W2), three a-helices (HI, H2 and H3) and three 
P-sheets (SI, S2, and S3) (139). The N-terminal domain contains a largely helical 
structure while the C-terminal domain is composed of two of the three p-strands 
arranged in a twisted anti-parallel P-sheet motif and the two characteristic loops or 
“wings”, W1 and W2 (140). WH proteins are members of the HTH superfamily 
but they differ in the length of the “turn” connecting helices H2 and H3. This 
structural variation eliminates stereochemical-binding restrictions found in canoni- 
cal HTH proteins. The angle between the H2 and H3 helix ranges in typical WH 
proteins from 100° in the biotin operator repressor protein BirA, to 150° in the 
transcription factor DP2. In contrast, 120° is the typical angle found in the HTH 
proteins (134). The majority of WH proteins present the H3 helix, known as the 
recognition helix, to the major groove of target DNA sequences. Fourteen protein- 
DNA contacts occur, five within the length of the recognition helix, four involv- 
ing the wing W2 and the minor groove of DNA, and five others distributed 
throughout the length of the polypeptide chain (141). Binding of this transcription 
factor causes a deformation in the DNA structure, inducing a 13° bend by nar- 
rowing the major groove to allow it to embrace the H3 helix (142). Frequently 
WH proteins exhibit a length of rosette-like hydrophobic residue side-chains. These 
side-chains are thought to mediate protein-protein interactions in conjunction with 
DNA binding (141). 

Smad transcriptional co-activators and co-repressors 

Although both R-Smads and Co-Smads can bind to the promoter regions of various 
genes at a specific Smad binding element (SBE), regulation of transcription usually 
occurs via a partnership with additional proteins (143). Many studies have been per- 
formed to identify how these Smad binding proteins modulate the TGF-p signal. 
Positive regulators of the TGF-|3 pathway signal include both upstream accessory 
regulators such as SAIGA, and downstream effectors that function as either general 
or tissue-specific transcriptional regulators (144). In addition to positive regulators 
there have been numerous proteins identified that will attenuate TGF-p signaling 
by interfering with Smad function, for example anti-Smads. These proteins are 
required for the prevention of inappropriate activation of TGF-P or play a role in 
a negative feedback loop (144). 

Positive modulators and effectors 

AP-1 and TFE3 

The members of the AP-1 family, c-Jun and c-Fos, have now been shown to phys- 
ically interact with Smads. These proteins have long been thought to play a role in 
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TGF-p target gene regulation due to the identification of intact AP-1 binding sites 
within the promoter regions of several TGF-p responsive genes such as PAI-1 (145). 
c-Jun binds directly to amino acid residues within the variable linker region of Smad 
3 while c-Fos binds to the MH2 domain. This ligand induced complex, which also 
includes Smad 4, binds to overlapping or adjacent AP-1 sites and SBEs in target 
gene promoters. Activation of transcription by this complex has been demonstrated 
by utilizing the classical TGF-p responsive promoter, PAI-1 (146). 

Another HTH transcription factor known to induce the transcription of PAI-1 
in response to TGF-p signaling is TFE3. TFE3 has been shown to associate with 
Smads 3 and 4, and the three proteins bind to specific DNA sequences within the 
PAI-1 promoter and contribute to maximizing TGF-p target gene activation (147). 
Recently, data has been obtained to suggest that Smad 3 binds directly to TFE3 and 
that this interaction is enhanced after the C-terminal serines of Smad 3 are phos- 
phorylated (148). The DNA binding sites used by TFE3 and Smads differ from those 
employed by the AP-1 family of factors, indicating distinct mechanisms of generat- 
ing specificity at Smad-responsive promoters. It has not been reported ifTFE3 inter- 
acts with AP-1 family members (144). 

CREB binding protein /p 3 00 

CPJE binding protein (CBP/ CITEB) and p300 are well characterized transcriptional 
co-activators known to enhance gene activation via a host of unrelated proteins 
through two different mechanisms (149). First, CPJEB and p300 help to mediate 
the interaction of sequence-specific transcription factor complexes to the basal tran- 
scription machinery required for transcriptional activation (150). The second tran- 
scription enhancing feature these proteins possess is that they have histone acetyl 
transferase (HAT) activity (151). Acetylation of the core histone amino-terminal 
ends alters nucleosomal structure by “unwinding” the chromatin, thereby increasing 
the accessibility to the transcriptional machinery (152). 

Many studies have shown that CBP/p300 will bind directly to the phosphory- 
lated MH2 domain of the R-Smads, Smad 2 and Smad 3 (153). These studies used 
a variety of TGF-P-responsive reporter gene complexes in cell culture including 
p3TP-Lux, SBE-Luc and PAIl-Luc (154). Definitively, the specificity and ultimate 
requirement of CBP/p300 in these assays was confirmed using the adenoviral 
protein ElA. ElA protein is an inhibitor of CBP/p300 enhancement and it was 
observed that inhibition of CBP/p300 blocks the increase of Smad-dependant trans- 
activation by this complex (155). 

Vitamin D receptor 

Another transcriptional co-activator that specifically interacts with R-Smad, Smad 
3, is the vitamin D receptor (VDR). VDR is a vitamin D regulated nuclear recep- 
tor which functions with co-activators of the steroid receptor co-activator 1 /tran- 
scriptional intermediary factor 2 family (144). The VDR-Smad 3 interaction is 
unique, as the VDR appears to bind to the MHl domain of Smad 3, not the typical 
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protein-protein interacting domain, MH2 (156). Additionally, activation of TGF-P 
signaling appears to result in Smad 3 mediated enhancement ofVDR dependant 
transcription. Therefore Smad 3 transcriptional effects are not limited to the acti- 
vation of transcription ofTGF-p target genes, but are also involved in co-operative 
enhancement of other signal related pathways (157). 

Forkhead transcription factors 

Currently there are approximately 90 members of the Forkhead superfamily with 
orthologues expressed in a vast array of species ranging from yeast to man (158). 
All members exhibit a large degree of sequence homology within their “winged- 
helix” DNA binding domain. Forkhead activin signal transducer 1 (FAST-1, also 
known as FOX-Hl) is a WH protein identified by its ability to mediate transcrip- 
tional induction of activin, a member of the TGF-P superfamily (98). This tran- 
scriptional induction by TGF-P and activin has been shown to involve the TGF-P 
downstream effector proteins, the Smads. In fact, this discovery not only confirmed 
a role for Smads inside the nucleus, but was also the first indication that the major- 
ity of direct Smad binding proteins are transcriptional regulators (144). FAST-1 
interacts directly with R-Smad, Smad 2, to form a transcriptionally active complex 
on the promoter region of the Xenopus mix. 2 gene at a site known as the activin 
response element (159,160). Subsequently, Smad 3 and Smad 4 were shown to be 
present within the complex. Smad 2 and 3 associate with FAST-1 however this 
interaction is not known to occur with Smad 4, as its role resides in DNA binding 
specificity (160). It has yet to be determined whether or not FAST-1 alone has any 
transcriptional activity. 

Several FAST-1 homologues have been identified in various species including 
mouse and human. Studies have defined the conserved DNA binding sequence for 
these transcription factors (TGT G/TT/G ATT), which has also been identified in 
the activin response element (ART) of the Xenopus Mix. 2 gene. Additionally, the 
importance of Smad binding elements adjacent to the FAST-1 binding sequence has 
been noted (161). Cloning and further analysis of FAST2, a murine FAST-1 homo- 
logue, has indicated that its transcriptional regulation is elegant and complex. In 
a similar fashion to FAST-1 DNA binding, FAST2 complexes with Smad 2 on 
the goosecoid (gsc) promoter to activate target gene transcription. However the 
FAST2/Smad 3 complex works to inhibit transcription from the same promoter. 
This is the first case that suggests that Smad 2 and Smad 3 may have opposing roles 
within selected systems (97). 

Negative modulators and effectors 

TGIF 

TGIF (tumor growth interacting factor), a ubiquitously expressed homeodomain 
binding protein belonging to the TALE (three amino acid loop extension) family 
of proteins, has been shown to repress TGF-(3-induced transcriptional activity by 
associating with histone deacetylases (HDAc) (162). TGIF has also been shown to 
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interact with both Smad 2 and Smad 3 (162,163). For these genes, the expression 
level of TGIF appears to set a maximal response to TGF-p signaling by competing 
with CBP/p300 for binding to the Smad complex (63). TGIF can bind to theTGF- 
P target gene promoter element independently of the Smad complex. It is, however, 
unclear whether this DNA-binding function is involved in the context of Smad- 
dependant transcription (164). 

Ski and SnoN 

Ski protein was originally discovered as the gene product of a retroviral oncogene 
(v-ski) that is responsible for transformation of chick embryo fibroblasts and muscle 
hypertrophy in mice (63). Recently, the cellular counterpart, c-Ski and the related 
protein SnoN, was discovered to function as a co-repressor that recruits HDACs via 
an adaptor protein, N-CoR (165). Studies have shown that both c-Ski and SnoN 
interact with Smad 3 and Smad 4 proteins and act as Smad2/3 co-repressors (166). 
Unlike TGIF, which is induced by TGF-p stimulation, the interaction of Smads with 
the Ski and SnoN proteins has been observed under basal conditions and decreases 
to non-detectable levels after the first hours of TGF-p stimulation (167). This effect 
is cell type dependant, and may be mediated by TGF-p induced, proteasome- 
mediated degradation of these two proteins (63). 

Possible roles for Ski and SnoN in cardiac post-MI remodeling 

The argument has been made that TGF-P regulation of transcription seems to 
depend on the ability of Smad proteins to recruit and complex together with pro- 
teins possessing different chromatin-remodeling activities. TGIF functions as a neg- 
ative regulator of TGF-p signaling while Ski and SnoN serve to protect against 
agonist-independent gene activation by Smad proteins. It is thought that a wave of 
SnoN expression may function as a negative feedback mechanism, terminating TGF- 
P responses (167). This change is also thought to occur in concert with TGIF, 
thereby moderating TGF-p signaling (164). Therefore, the relative expression levels 
of regulator proteins that interact with Smads can be auto-regulated and cross- 
regulated, resulting in the negative regulation of TGF-P signaling (63). 

Enhanced Ski expression in the infarct scar of 8-week post-MI animals 

It could be argued that if a cell type is responsive to TGF-p 1, enhanced expression 
of negative modulators may inhibit the effect of the ligand. Could there be an anti- 
fibrotic effect associated with Ski or Sno-N expression in the chronically healed 
post-MI scar? To begin to address this issue, we have recently begun investigating 
the function of Ski in cardiac tissues in post-MI heart. One of our initial observa- 
tions are depicted in Figure 1, and we describe a marked increase in phosphory- 
lated Ski protein in the cytosolic fraction of cardiac myofibroblasts of the 8 week 
post-MI rat heart. The rats used in this experiment suffered surgical coronary lig- 
ation and were allowed to recover without any form of pharmacologic interven- 
tion. After 8 weeks, the animals of all groups (age-matched sham-operated control 
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and MI group) were sacrificed and infarct scar, remnant (surviving) left ventricular 
myocardial tissues, as well as myocardium from sham-operated hearts were extracted 
for total proteins as well as the cytosolic protein fraction. The hemodynamic status 
of the animals was tested and they were found to be in decompensated heart failure 
with markedly increased LVEDP values us controls. Western analysis (see Figure 1) 
was employed to detect immunoreactive Ski using a specific commercial primary 
antibody (Upstate, Lake Placid, NY) and equal protein loading in gel lanes was tested 
using the Ponceau S staining technique. In healed myocardial infarct scar tissues 
(populated almost exclusively by myofibroblasts) we noted a marked increase in the 
appearance of Ski expression in the cytosolic fraction when compared to fractions 
taken from viable cardiac left ventricle (remote to the infarct scar) and uninfarcted 
myocardium. No differences were observed between groups when total cardiac 
extracts were compared among the same groups. The cytosolic localization of Ski 
overexpression within the cell raises many questions about its function, i.e., is the 
enhanced bioavailability of Ski in place to provide rapid modulation ofTGF-P medi- 
ated transcriptional events when needed? What is preventing Ski from moving to 
the nucleus to modify histones? These questions require further investigation to be 
resolved. Precisely how enhanced Ski expression is linked to modulation of myofi- 
broblast activation begets experimentation that addresses wound healing at various 
time points in the evolution of cardiac infarct scar formation. An understanding of 
the role of negative regulators and effectors of R-Smads may provide the rationale 
for a novel mode of therapy that may provide a means to target progressive cardiac 
fibrosis and the development of congestive heart failure after MI. 
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Summary, Dietary intake of phytoestrogens has been associated with a reduction in risk of 
cardiovascular disorders including coronary heart disease, hypertension and atherosclerosis. 
Phytoestrogens have long been found to be structurally similar to the female sex hormone, 
17p-estradiol, and have a wide range of estrogenic effects. Like 17 (3-estradiol, phytoestrogens 
such as genistein have been suggested to exert its cardioprotective actions through favourable 
alteration of serum lipoprotein levels. There is also evidence indicating the role of isoflavones 
as tyrosine kinase inhibitors, calcium channel antagonists as well as antioxidants. Since genis- 
tein has a higher affinity for estrogen receptor P than for estrogen receptor a, it is predicted 
to have a preferential protective effect on the cardiovascular system without significant actions 
on the reproductive system. Therefore, genistein and related compounds may have superior- 
ity over 17p-estradiol as potential therapeutic agent. 

Key words: Estrogen receptors, Genistein, Lipoproteins, Tyrosine kinase. Vasodilatation. 

INTRODUCTION 

Cardiovascular disease (CVD) is one of the leading disorders in the world, result- 
ing in severe morbidity and mortality (1). Epidemiological studies have indicated a 
lower incidence of coronary heart disease in women compared to age-matched man 
(2). As this female superiority disappears after the menopause (2-4), the major female 
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sex hormones, 17P-estradiol, is believed to be cardioprotective. This postulation was 
further supported by the findings that estrogen replacement therapy reduced CAD 
risk and mortality in postmenopausal women (5-7). 

Unfortunately, the therapeutic potential of 17|3-estradiol is hampered by its actions 
on the reproductive systems, which, in turn, result in adverse effects including 
endometrial hyperplasia and breast cancer (8,9). Recently, the novel estrogen recep- 
tor (ER) p was identified (10,1 1) and was later found to be the predominant subtype 
in human smooth muscle cells (12), whereas ERa appeared to be predominantly 
expressed in the uterus and the mammary glands (13). As such, ligands with selec- 
tivity for ERp over ERa may have the advantage of producing cardiovascular pro- 
tective effects with minimal risks. There have been reports that the naturally 
occurring phytoestrogens bind preferentially to ERP (14,15). Among this group of 
compound, genistein is found to have an ERp binding affinity close to that of 17P- 
estradiol, and the most pronounced selectivity for ERp compared to ERa (15,16). 

PHYTOESTROGENS: BACKGROUND 

Phytoestrogens are a group of plant-derived nonsteroidal compounds that possess 
estrogenic activity (17,18). There are three main types of phytoestrogens: isoflavones, 
coumestans and lignans. They are all characterized by the presence of diphenolic 
rings and are structurally similar to 17p-estradiol (Figure 1). The most commonly 
studied phytoestrogen is genistein, partially because it shows the highest estrogenic 
properties. Genistein is the major component of the dietary isoflavones, which are 
found extensively in soy proteins. Interestingly, soy-rich diets have been associated 
with a lower incidence of CVD in Asia compared to Western countries (19,20). It 
is, therefore, believed that genistein has cardioprotective effects, and these effects may 
correlate with its estrogenic activity. 



BIOLOGICAL EFFECTS OF GENISTEIN 

Genistein has been demonstrated to have diverse biological actions. In 1987, 
Akiyama et al. (21) reported that genistein was a potent inhibitor of the enzyme 
tyrosine kinase. Genistein has been shown to inhibit several tyrosine kinase- 
dependent events such as angiotensin Il-induced Ras activation and fibroblast 
growth factor 2 expression (22,23). It also elicits similar effects to another struc- 
turally different selective tyrosine kinase inhibitor, tyrphostin (24): e.g., both of them 
inhibited calcium currents in isolated rabbit ear arterial smooth muscle cells (25), 
reduced noradrenaline-induced contraction in isolated endothelium-denuded rat 
aorta (26), and decreased the potency and efficacy of 5-hydroxytryptamine-induced 
contraction in isolated endothelium-denuded rat carotid arterial strips (27). In con- 
trast, genistein, unlike tyrphostin, failed to inhibit the tyrosine autophosphorylation 
of the epidermal growth factor receptor in LNCaP prostate cancer cells and MCF- 
7 breast cancer cells (28,29). Instead of directly inhibiting tyrosine kinase activity, 
the effect of genistein on this enzyme may occur at the transcriptional level, result- 
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Figure 1. A structural comparison of estrogen and different subgroups of phytoestrogens. Representa- 
tives of the three main types of phytoestrogens, isoflavones, coumestans and lignans are shown on the 
right. They are all characterized by the presence of diphenolic rings and are structurally similar to 
17p-estradiol, the most abundant type of estrogen. 




516 IV. Novel Therapeutic Approaches to Cardiovascular Disease 



ing in the down regulation of tyrosine kinase expression (30). Moreover, the inhi- 
bition of tyrosine kinase by genistein occurs only at pharmacological concentrations 
(>10|iM), and so genistein is unlikely to cause tyrosine kinase inhibition under phys- 
iological conditions. 

While the role of genistein as tyrosine kinase inhibitor is not clear, there were 
accumulative evidence indicating a calcium channel antagonistic activity of genis- 
tein. Genistein may inhibit calcium entry through voltage-dependent L-type 
calcium channels via the inhibition of tyrosine kinase (23,31-33). However, a tyro- 
sine kinase-independent pathway is also likely, since both genistein and daidzein, 
another isoflavone which is devoid of tyrosine kinase inhibitor activity (34), were 
shown to be equaUy effective in inhibiting L-type calcium currents in cardiac 
myocytes (35,36). In addition to L-type calcium channel, Morikawa et al. (37) 
reported that genistein blocked N-type and T-type calcium channel activities in 
NG108-15 cells. These effects appears to be both dependent and independent of 
the tyrosine kinase inhibitory action, since other tyrosine kinases and daidzein were 
capable of suppressing N-type and T-type calcium currents, albeit to a smaller extent 
compared to genistein. 

That genistein has a diphenolic ring structure suggests that it may have antioxi- 
dant properties. Indeed, superoxide anion generation by xanthine/xanthine oxidase 
was inhibited by genistein (38). Genistein was also reported to increase the resis- 
tance of low-density lipoprotein (LDL) to oxidation (39). Despite findings from in 
vitro studies suggesting that the concentration of genistein required to produce 
antioxidant action exceeds the physiological range (40,41), dietary administration of 
250 ppm genistein for 30 days enhanced the activity of antioxidant enzymes in the 
skin and small intestine in mice (38). Furthermore, LDL fractions from healthy vol- 
unteers consuming 36 mg genistein and 21 mg daidzein per day for 2 weeks were 
found to contain significant amount of genistein and daidzein, and their lag time 
to oxidation was prolonged (42). Therefore, the antioxidant property of genistein 
appears to be physiologically relevant. 

PHYTOESTROGENS AND CARDIOVASCULAR RISK FACTORS 

At present, there is a general consensus that dietary intake of phytoestrogens from 
soy proteins is related with a reduction of cardiovascular risks (19,20). One of the 
well-established cardiovascular risk factors is increased serum cholesterol concentra- 
tion; more specifically, a high LDL to high-density lipoprotein (HDL) ratio, since 
LDL is the primary carrier of cholesterol in the circulatory system (43) whereas 
HDL is responsible for carrying cholesterol to the liver to be broken down and 
excreted (44). The oxidative modification of LDL facilitates the cellular deposition 
of cholesterol hence the formation of atherosclerotic lesions (45,46). Oxidized LDL 
also causes attenuation of fibrinolytic process (47) and impairment of vascular reac- 
tivity (48—50), both of which contribute to the pathogenesis of hypertension and 
atherosclerosis. The cardiovascular protective actions of phytoestrogens and the pro- 
posed mechanisms underlying these effects are summarized in Table 1 . 
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Table 1. Effects and possible mechanisms of soy phytoestrogens in cardiovascular protection 





Actions of Phytoestrogens 


Possible Mechanisms 


Lipoprotein 


4 Cholesterol (51-53) 


T Thyroxine Level (51,58) 


Profiles 


i LDL Cholesterol (51,52,56) 
T HDL Cholesterol (56,57) 


T Bile Acids Level (59) 

T LDL Removal (62,63) 


Oxidation 

Stress 


T Resistance to LDL Oxidation (64,65) 


Scavenging Free Radicals (39) 

T Antioxidant Enzyme Activity (38,66) 


Coagulation 


4 Thrombosis (67,68) 


Tyrosine Kinase Inhibition (67,69) 
Thromboxane Receptor Antagonism (70) 


Vascular 


4 Smooth Muscle Contraction (26,84-86) 


Endothelium Protection (65) 


Reactivity 


T Smooth Muscle Relaxation (82,83) 
t Endothehum-dependent Relaxation 
(72,73,76,77,78) 


T NOS activity (76-78) 
Phosphodiesterase Activation (81,82) 
Kca Channel Activation (81,83) 



LDL, low-density lipoprotein; HDL, high-density lipoprotein; NOS, nitric oxide synthase; channel, calcium- 
activated potassium channel. 



Lowering of cholesterol level 

The cardioprotective effect of phytoestrogen has been attributed to the favourable 
alteration of the lipoprotein profiles. Dietary consumption of phytoestrogens has 
been documented to reduce total serum cholesterol level in animals and humans 
(51-53). However, studies from Shorey et al. (54) and Hodgson et al. (55) suggested 
that intake of soy diets and isoflavone pill, respectively, did not affect the total cho- 
lesterol concentration in men with normal cholesterol level. In view of the find- 
ings that men with more severe hypercholesterolemia showed a greater cholesterol 
lowering response to soy diets, it is believed that the hypocholesterolemic effect of 
phytoestrogens is related to the baseline cholesterol level (54,56). However, total 
serum cholesterol may not be the best indicator for cardiovascular risks because it 
includes both LDL-cholesterol and HDL-cholesterol. Phytoestrogen diets have also 
been shown to decrease LDL-cholesterol level and increase HDL-cholesterol level 
(52,56,57). The improvement of lipoprotein profiles by soy diets is accompanied 
with the reduction of atherosclerotic lesions and blood pressure (52,53). 

Several mechanisms have been proposed for the actions of phytoestrogens on 
lipoprotein profiles. It has been reported that feeding soy proteins to animals resulted 
in elevated plasma thyroxine level, which may, in turn, lead to decreases in plasma 
cholesterol level (51,58). Soy proteins have also been reported to increase the excre- 
tion of bile acids in rabbits and rats (59). Given that bile acids enhance the excre- 
tion of cholesterol, alteration of bile acid balance is another potential mechanism 
underlying the hypocholesterolemic effect of phytoestrogen. This postulation was 
argued against by the findings that soy proteins decreased cholesterol level without 
changes in bile acid excretion in humans (60,61). Study from Sirtori’s group sug- 
gested that soy phytoestrogens lower cholesterol concentration by augmenting the 
degradation of LDL (62). This action appears to be resulted from increases in the 
LDL receptor activity, since the hypocholesterolemic effect of soy phy to estrogens 
was only observed in wild-type but not in LDL receptor-deficient mice (63). 
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Inhibition of LDL oxidation 

As discussed previously, oxidative modification of LDL by macrophages or endothe- 
lial cells is one of the processes involved in the pathogenesis of atherosclerosis 
(45-50). Therefore, the antioxidant property of phytoestrogens may be partially 
responsible for its ability to reduce cardiovascular risks. It has been shown that soy 
phytoestrogens increase the resistance of LDL to oxidation by macrophages and 
endothelial cells (64,65). Ruiz-Larrea et al. (39) suggested that isoflavones inhibited 
LDL oxidation by scavenging free radicals. On the other hand, genistein has been 
shown to increase the activity of antioxidant enzymes and this action may con- 
tribute to the reduction of the oxidative stress on LDL (38,66). 

Augmentation of thrombosis 

That oxidized LDL attenuates the process of fibrinolysis suggests that phytoestro- 
gens may inhibit thrombus formation. Indeed, a thrombotic activity of isoflavones 
has been demonstrated and this is not limited to oxidized LDL-mediated throm- 
bosis (67,68). Tyrosine kinase is a key enzy^me involved in thrombus formation, and 
so the prothrombotic property of phytoestrogens may be a consequence to its 
inhibitory action on tyrosine kinase (67,69). Conversely, McNicol (70) demonstrated 
that thromboxane receptor antagonism, but not tyrosine kinase inhibition, was the 
mechanism through which genistein decreased platelet aggregation hence thrombus 
formation. As a result, it remains unclear how phytoestrogen exerts its thrombotic 
actions. 

Improvement of vascular reactivity 

Impairment of endothelium-dependent vasodilatation has been implicated in several 
CVD such as atherosclerosis (71). Preclinical studies have shown that chronic dietary 
intake of isoflavones improves acetylcholine-elicited coronary arterial dilation in 
female rhesus monkeys with atherosclerosis (72,73). It is plausible that this vasculo- 
protective action of phytoestrogens is related to the inhibition of oxidized LDL for- 
mation, since oxidized LDL is known to reduce endothelium-dependent relaxation 
(74,75). Kapiotis et al. (65) also reported that genistein was able to reduce endothe- 
lial damage by oxidized LDL. 

On the other hand, phytoestrogens may also directly affect endothelium- 
dependent vasodilatation. In vitro studies showed that acute administration of 
genistein and daidzein concentration-dependently relaxed rat aortic and pulmonary 
arterial rings preconstricted with phenylephrine and this action was inhibited by 
endothelium removal (76). It is also unlikely that phytoestrogens inhibited tyrosine 
kinase to induce vasodilatation, because both genistein and daidzein, isoflavones with 
and without tyrosine kinase inhibitory activity, respectively, were equally effective in 
eliciting endothelium-dependent relaxation. Instead, nitric oxide synthase activation 
appears to be the downstream pathway that account for the vasodilatory action of 
phytoestrogens, according to the observation that genistein- and daidzein-induced 
relaxations were attenuated by the inhibition of nitric oxide synthase activity (76). 
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Similarly, through activation of nitric oxide synthase, genistein restored endothelium- 
dependent relaxation to carbachol in hypoxic rat pulmonary arterial rings (77). 
Nitric oxide also appears to play a role in the improvement of endothelium dys- 
function by genistein supplementation in ovariectomized rats (78). A beneficial 
action of phytoestrogen on vascular reactivity was also confirmed in clinical studies, 
in which isoflavones were found to improve arterial compliance in menopausal 
women (79,80). 

In addition to the nitric oxide pathway, other mechanisms have been proposed 
for the ability of genistein to enhance vasodilatation. The potentiating effect of 
genistein on isoproterenol-induced relaxation in rat aortic rings appeared to involve 
inhibition of phosphodiesterase, as well as activation of calcium-activated potassium 
channels and cytochrome P-450 enzymes (81). Whereas Satake et al. (82) proposed 
that genistein enhanced nitric oxide-mediated endothelium-independent relaxation 
by inhibiting cyclic AMP-dependent phosphodiesterase, the findings from Nevala et 
al. (83) indicated that genistein and daidzein directly relaxed rat mesenteric arterial 
rings through the activation of calcium-activated potassium channels. 

Genistein has also been shown to directly inhibit the contractile responses of 
porcine coronary artery and rat aorta to angiotensin II, phenylephrine and nora- 
drenaline (26,84,85). This direct vascular effect has been attributed to the tyrosine 
kinase inhibitory activity of genistein, since other tyrosine kinase inhibitors similarly 
reduced agonist-induced contraction in these tissues. On the contrary, Nevala et al. 
(86) reported that both genistein and daidzein, active and inactive isoflavone tyro- 
sine kinase inhibitors, respectively, effectively inhibited potassium chloride- and 
noradrenaline-elicited contraction in isolated rat aortic and mesenteric arterial rings. 
As such, phytoestrogen-induced inhibition of contraction may also be mediated 
through a tyrosine kinase-independent pathway; one possible mechanism is the 
antagonism of calcium channels on smooth muscle, as phytoestrogens have been 
shown to directly inhibit L-type calcium currents (35,87). 

PHYTOESTROGtNS AND ESTROGEN RECEPTORS 

In view of the structural similarity between 17P-estradiol and phytoestrogens (Figure 
1), it is possible that phytoestrogens act on estrogen receptors to exert its cardio- 
protective actions. Indeed, estrogen has been documented to reduce cardiovascular 
risk in postmenopausal female (5-7). The cardioprotective effects of estrogen are 
attributable to favourable alterations of serum lipoprotein levels (5,7,88), antioxidant 
protection of LDL (89-91) and favourable vascular actions (92-95), all of which are 
also elicited by phytoestrogens and have accounted for the beneficial cardiovascular 
effects of phytoestrogens. Currently, two ER subtypes have been identified: the clas- 
sical ERa and the more recently identified ERp (10,96). Despite the fact that both 
ERa and ERp are expressed in the vascular system (12,97,98), ERp appears to be 
the predominate subtype in human smooth muscle cells (12). Interestingly, 17p- 
estradiol was found to produce similar vascular protection in ERa knock-out mice 
as in wild-type counterparts (99). There were also reports indicating an upregula- 
tion of the expression of ERp mRNA in rat arteries following vascular injury. 
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without significant changes in ERa expression (100,101). Therefore, the cardiovas- 
cular benefits of estrogen may be mediated through ER(3. 

While 17P-estradiol binds to both ERa and ERP with equal affinity, phytoe- 
strogens appear to have differential binding affinities for the two receptors. Kuiper 
et al. (15) demonstrated that phytoestrogens binds only weakly to ERa, e.g., the 
most potent one, genistein, has a binding affinity that is 25 times lower than that 
of 17p-estradiol. On the other hand, the binding affinity of genistein for ERP is 
87% compared to 17p-estradiol (15). Therefore, there is about 20-fold difference in 
the binding affinity of genistein for ERa and ERp. In comparison, the binding 
affinity of daidzein for ERP is 5-fold greater than that for ERa, and is 200-fold 
less than that of 17P-estradiol. The preferential binding of phytoestrogens to ERP 
may have physiological importance, since the distribution of ERa and ERp varies 
in different tissues. ERp is expressed mainly in non-reproductive tissues (10) and is 
capable of mediating the cardiovascular protective effects. As such, the ability of 
isoflavones, particularly genistein, to bind preferentially to ERp may result in a 
relatively selective vasculoprotective action with fewer undesired effects. This 
postulation was indeed supported by the work of Makela et al. (101). 

CONCLUDING REMARKS 

Presently, there is substantial evidence for the protective effects of phytoestrogens 
against cardiovascular risks. However, data concerning the dose regime required to 
produce optimal beneficial actions is lacking. As well, phytoestrogens are a group of 
diverse plant-derived compounds with estrogenic activity, and little is known relat- 
ing the type of phytoestrogens to be recommended for cardiovascular protection. 
More importantly, the potential adverse effects of chronic phytoestrogens supple- 
mentation should be considered with caution. Although to date there is no defi- 
nite evidence suggesting that the consumption of phytoestrogens may be harmful, 
it is still possible that cumulative intake of phytoestrogens at large quantities may 
lead to adverse effects like those caused by unopposed estrogen treatment. There- 
fore, further studies are needed before phytoestrogens can be recommended for 
therapeutic uses. 
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Summary. Heat acclimation produces concerted favorable adaptations in the mechanical and 
metabolic performance of the heart. Under normoxic condition this is displayed primarily 
by greater pressure generation with lower oxygen consumption. Altered expression of calcium 
regulatory proteins, EC coupling proteins and redistribution of the myosin isoenzyme to pre- 
dominancy of the V3 isoform contribute to the changes observed. An important acclimatory 
response is the finding that heat acclimation confers protection against ischemic/reperfusion 
insults. This is due to numerous factors among which greater constitutive HSP 72kDA 
(A200%) reserves and energy sparing mechanisms such as redistribution of ATPase isoforms 
and altered glycolytic flux leading to better intracellular pH concomitantly with continuous 
ATP production, are likely candidates. Collectively, our data indicate that both transcriptional 
and post-transcriptional processes are involved and underline the integrative response. 

Key words: Ca^"^ regulatory proteins, cardiac myosin isoenzymes, cardioprotection, ischemia, 
reperfusion, heat shock proteins, heat acclimation. 

1. INTRODUCTION 

Cells have many mechanisms for adapting and surviving stress. Some of these coping 
mechanisms are constitutive, others are inducible and therefore require time for their 
expression. An example of an inducible response to stress occurs in the heart, where 
protection is conveyed to limit the undesirable effects of ischemic and anoxic stress 
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by repetitive short ischemic episodes (1,2). This preconditioning effect is considered 
to be part of a rapid adaptive mechanism induced by many physiological and 
pharmacological stressors, and shared by many cells and organs. The precondition- 
ing effect is of limited duration and represents the cellular attempt to protect both 
structure and function from stress-induced damage. 

In the heart, ischemic or thermal preconditioning involves early, rapid (1-2 hrs) 
and delayed (24-72 hrs) phases of protection (1). 

In contrast to the relatively short duration preconditioning effect, we have sub- 
stantiated a long-lasting (2-3 weeks) cardioprotection conferred by heat acclimation 
via the “cross-tolerance” mechanism (3,4,5). This mini-review gives us the oppor- 
tunity to delve into the mechanisms of the cross-tolerance phenomenon. In the first 
part of this chapter the characteristics of the heat acclimated phenotype will be 
delineated. In the second part, questions pertaining to the heat acclimation induced 
cardioprotection will be discussed. 

2. WHAT ARE HEAT ACCLIMATION AND CROSS-TOLERANCE? 

Heat acclimation is achieved via chronic exposure to moderate ambient heat. It 
enhances heat tolerance in terms of duration and extremes of toleration to heat 
stress, and delays heat injuries. The development of the acclimated phenotype is bi- 
phasic. A short transient phase (2-5 days), during which a variety of acute processes 
are recruited to alleviate the initial stress, is followed by a long-term phase (>3 
weeks) during which long-lasting mechanisms are developed, to establish the 
acclimatory homeostasis (6). This involves an orchestrated reprogramming of gene 
expression and post-translational variations (7). The signaling pathways and mole- 
cules targeted to acclimatory responses include G proteins, cytoprotection (via heat 
shock protein HSP72kDa and antioxidants (8,9)), several transcription factors, 
metabolic enzymes and contractile proteins, collectively leading to enhanced meta- 
bolic efficiency and cellular performance (10). 

Cross -tolerance is achieved when adaptation to the one stress reinforces protection 
against an additional type of stress. We have substantiated the development of cross- 
tolerance between heat acclimation and O 2 deprivation/reoxygenation in the heart. 
Our findings lend support the hypothesis that heat acclimation predisposes protec- 
tive signaling pathways utilized by both stressors (4,5). 

3. HEAT ACCLIMATION AND THE HEART LHSIDER NORMOXIC CONDITIONS 

Heat acclimation produces concerted favorable adaptations in the mechanical and 
metabolic performance of the heart. At the integrative level, in the intact individ- 
ual, this is displayed by a lowered heart rate and greater stroke volume, collectively 
leading to increase in cardiac work efficiency. Previous studies on human subjects 
related the enhanced stroke volume occurring upon heat acclimation to a greater 
venous return, resulting from the heat-acclimation-induced plasma volume expan- 
sion (11,12). It was debatable whether intrinsic changes occur in the cardiac muscle 
to increase contractile force. Using the Langendorff perfused system we have shown 
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Figure 1. Oxygen consumption: cardiac work (expressed as rate-pressure product) relationship in 
hearts of sedentary nonacclimated (C) and 1-mo heat-acclimated (AC) rats. Marked shift to the left of 
the regression line of heat-acclimated hearts compared with that of nonacclimated hearts (P < 0.0007) 
implies significantly increased work efficiency of heat-acclimated heart. From Horowitz M, 1998 (6), 
with permission of the Am. Physiol. Soc. 



in the isolated heart that left ventricular compliance and systolic pressure are 
increased, while oxygen consumption is lowered (5,13). This suggests that the accli- 
mated heart becomes more energetically efficient. This is depicted in Figure 1, 
which presents the 02 -cardiac work relationships before and after heat acclimation. 
Studies on other rodent species confirm these observations (Horowitz, Meiri, 
Bromberg, unpublished observations). We can conclude that cardiac adaptations per 
se take place to match changes in peripheral blood flow and venous return, pro- 
ducing greater stroke volume and cardiac output at lower energy cost. 

It is evident from Table 1 that intrinsic molecular and biochemical adaptive 
modalities in the contractile machinery of the heart are associated with the enhanced 
pressure and work efficiency of the heat-acclimated phenotype. The redistribution 
of cardiac myosin isoezymes, from the fast Vi isoform with high ATPase activity to 
the predominance of the slow V 3 form with low ATPase activity (14), underlies the 
increased contractile efficiency and velocity of pressure generation of the heat- 
acclimated heart. 

Adaptations at the level of the sarcoplasmic reticulum (SR) were also found. 
Eynan et al., 1999 (15) reported on 49% increase in the Ca^'^ regulatory protein 
phospholamban. Concomitantly, the SR-Ca^"^ ATPase decreased by 25%. These adap- 
tations, lead to an increased phospholamban/ Ca^"^- ATPase ratio and produce a neg- 
ative lusitropic efiect. In the sarcolemma, the protein level of L-type Ca^^ channels 




528 IV. Novel Therapeutic Approaches to Cardiovascular Disease 



Table 1. Qualitative presentation of heat acclimation effect on the contractile machinery' of the heart 



Feature 


Acclimatorv' response 


Reference 


Cardiac mecliatiical pcrjormancc 
Pressure 


T 


Horowitz et al. (13) 


Velocity of contraction 


i 


Levi et al., Levy et al. (4,5) 


Velocity of relaxation 




Eynan et al. (15) 


Noradrenaline inotropic effect 


T 


Eynan et al. (15) 


Biochemical & molecular 
Predoninant myosin isoform 


V, 


Horowitz et al. (14) 


p-Adrenergic receptors affinity 


i 


Eynan et al. (15) 


Ca""^ Transient 


t 


Cohen et al. (3) 


Phospholamban 


t 


Eynan et al. (15) 


Ca-* ATPase 


T 


Eynan et al. (15) 


Phospholamban/Ca‘"^-ATPase 


t 


Eynan et al. (15) 


Ryanodine/Dihydropyndme 


Altered 


Cohen et al. (3) 



was elevated by 70% (3) and the p-adrenergic receptors — decreased their affinity by 
63% with no change in their density (16). We suggest that the described adapta- 
tions are part of a well architectured reprogramming of gene expression resulting 
in altered Ca""^ turnover to yield greater Ca“^ transients, and greater pressure 
generation. 

Phospholamban, in its phosphorylated state, activates the sarcoplasmic reticulum 
(SR) Ca“‘'-ATPase to re-uptake Ca“'" to SR pools for subsequent contractions. We 
hypothesize that the greater phospholamban mass available for phosphorylation (by 
noradrenaline stimulation) enhances the positive inotropic response in these hearts 

(7.15) . 

A large body of evidence links alterations in the velocities of contraction and 
relaxation of the cardiac contractile proteins to the influence of thyroid hormones, 
via an effect on the expression of genes coding for cardiac contractile elements (e.g., 
17,18,19). Heat acclimation leads to a sustained drop in thyroid hormone levels 

(14.15) . Subjection of rats to heat acclimation with maintenance of euthyroid state 
blunts the phenomenology of the heat-acclimated cardiac phenotype (14,15). We 
therefore suggest that the sustained drop in plasma thyroid hormones, occurring 
upon acclimation, is responsible for the observed adaptations in cardiac mechanical 
performance. 

4. HEAT ACCLIMATION AND THE HEART UNDER ISCHEMIC CONDITIONS 

Levy et al. (1993) (5) have shown that in the heart heat acclimation induces favor- 
able adaptations allowing improved coping with mismatching between the oxygen 
supply and oxygen demand. This is displayed by improved mechanical and meta- 
bolic performance upon ischemia/reperfusion insults and by decreased ischemic 
injury. The infarct size developed in hearts of non-acclimated and heat-acclimated 
hearts subjected to global ischemia/reperfusion insults (Figure 2) clearly demon- 
strates this phenomenon. 
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Non-acclimated Heat acclimated 



Figure 2. Infarct size in heat acclimated and non-acclimated hearts subjected to 30 min of total 
ischemia and subsequent 30 min of reperfusion. Immediately after, the hearts, mounted on a 
Langendorff perfusion system, were stained with 10% (wt/vol) solution of triphenyltetrazolium in 
phosphate buffer. Normoxic perfusion pressure was 100 cm H 2 O. 

Additional features characterizing the beneficial effects of heat acclimation on the 
heart include a decreased number of cases of ischemic contracture (IC) in the accli- 
mated heart population, delayed onset of IC by almost 100%, and better recovery 
of systolic and diastolic pressures upon reperfusion (Table 2). Some of these bene- 
ficial features, e.g. decreased number of cases of IC contraction within a group or 
recovery of pulse pressure upon reperfusion, could also be obtained via exercise 
training, however, features such as delayed onset of IC and enhanced recovery of 
the intraventricular pressure upon reperfusion seem to be heat acclimation-specific 
(Table 2). 

What, then, makes the heat- acclimated heart so well protected against O 2 deprivation /reper- 
fusion insults? Species that routinely experience long periods of oxygen shortage in 
their life history (20,21) have acquired constitutive adaptations to endure aggressive 
hypoxia/reoxygenation stress. These can be grouped into two categories: 1) those 
leading to metabolic depression and, in turn, energy sparing, and 2) those upregu- 
lating the energetic efficiency of ATP-producing pathways. There are a host of addi- 
tional physiological, biochemical and molecular strategies, including alterations in 
membrane activity and enhanced cytoprotection, which complement the above- 
mentioned adaptations. The acclimatory responses seem to recapitulate the evolu- 
tionary adaptations (6). It is therefore likely that enhancement of protective signaling 
pathways, similar to those that have emerged through many generations of a species’ 
history under shortage of oxygen, underlies the cardioprotection achieved upon heat 
acclimation. Currently, evidence for metabolic and cytoprotective adaptation has 
already been substantiated. This will be discussed below (4.1 and 4.2). 

4.1. Metabolic adaptations and cardioprotection in the heat-acclimated heart 

During ischemia/hypoxia, energy conservation can be achieved either by matching 
energy requirements to a greatly curtailed supply of ATP, or by increasing energy 
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Table 2. Evidence for heat-acclimation/ischemic-reperflision cross-tolerance. Data were derived 
from studies on Langendorff perfused heart. Bold lettering denotes significant acchmation effect 





Non-acclimated 


Heat acclimated 


Reference 


IC within a group 
(Sedentary 1 mo) 

50% decrease in PP 


46% 


15% 


Levi et al. (4) 


75% decrease in PP 


85% 


85% 




IC within a group 
(Exercise 1 mo) 

50% decrease in PP 


no IC 


9% 


Levy et al. (5) 


75% decrease in PP 


40% 


50% 




Time to onset of IC (min) 

5 


6.0 ± 1.3 


8.0 ± 2 


Levi et al. (4) 


EX 


8.7 ± 2 


10.87 ± 2.5 


Levy et al. (5) 


% recovery of pulse pressure 
S 


20% 


60% 


Levi et al. (4) 


Ex 


80% 


90% 


Levy' et al. (5) 


Recovery of intraventricular pressure 

S 


35% 


80% 


Levi et al. (4) 


EX 


35% 


40% 


Levy et al. (5) 



PP — ^perfusion pressure. 

IC — ischemic contracture. 

S — acclimation under sedentar-v- conditions. 

EX — Exercise training. 

Bold letters denote significant heat acclimation effect. 



production efficiency. When enhanced glycolysis is the operating mechanism for 
increasing energy, intercellular pH must be protected. Levi et al. (1993, [4]) and 
Levy et al. (1996, [5]) showed that during total ischemia (TI) heat-acclimated hearts 
(as well as hearts from heat-acclimated trained rats) display better preservation of 
global myocardial high-energy compounds and a shorter period of IC and acidosis 
During TI the heat accHmated hearts show slowed ATP depletion and after 30 min 
of the TI ~ 25% of the initial ATP pool was preserved, whereas no ATP was 
detectable (by P NMR) in the non-acclimated hearts. During reperfusion the recov- 
ery of phosphocreatine (PCr) and the sum of PCr and ATP, was higher (4). Improve- 
ment in each of the above-mentioned parameters is known to preserve myocardial 
integrity and to enhance mechanical recovery during reperfusion. Improved energy 
status and delayed acidosis during ischemia decrease sodium accumulation via 
NaVH"^ exchange and therefore decrease the Na'^-mediated Ca^'^ gain and subse- 
quent Ca^Cmediated rise in diastoHc pressure and mitochondrial Ca^"^ overload 
during reperfusion. Concomitandy, the shorter IC may reduce possible mechanical 
distortion and, together with the faster high-energy phosphate compounds, enhance 
mechanical performance upon reperfusion. We have indications that the delayed 
fall in ATP in the heat-acclimated ischemic heart is the result of changes in 1 . the 
properties of the cellular ATPases, e.g. myosin V 3 predominance (vs myosin Vi 
predominance before acclimation), or decreased Na^/Ka'^ pump affinity for its 
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Table 3. Effects of global ischemia on cardiac ATPase properties in 
sarcolemmal enriched fraction of control and heat-acclimated hearts 



Na/K ATPase Na/K ATPase 

lATPase (37°) lATPase (GI) (37°) (GI) 





Vmax 


EC50 


Vmax 


EC50 


Vmax 


EC50 


Vmaxc 


EC50 


c 


0.323 


430.0 


0.403 


487.0 


0.103 


518.3 


0.098 


479.0 




0.01 


12.6 


0.01 


16.7 


0.003 


8.08 


0.003 


8.9 


AC 


0.413 


422.0 


0.425 


596.0 


0.116 


777.3 


0.141 


914.0 




0.02 


18.9 


0.015 


11.6 


0.014 


2.22 


0.003 


5.52 



substrate during ischemia (in the acclimated heart only; Table 3) 2. 

metabolic enzymes. These, lead to energy sparing and sustained, but slower ATP 
production via altered glycolytic flux (10,22). 

On-line measurements of glucose metabolites, using ^^C-NMR spectroscopy, 
showed that in non-acclimated hearts glycolysis is rapid, but apparently self- 
limiting, due to a rapid fall in intracellular pH (pHi). These findings were confirmed 
by our findings that a longer time was required to inhibit glycolysis (by sodium 
iodoacetate) in acclimated hearts compared to the non-acclimated (30 min for AC 
hearts vs 15 min for C hearts) (22). Features such as greater pre-ischemic glycogen 
stores (10,22), enhanced glucose uptake and elevated GLUT4 (the cardiac insulin- 
dependent glucose transporter) levels, may suggest glucose is the preferred fuel 
(elevated ATP/mole fuel), emphasize the metabolic advantage of the acclimated 
heart, and provide new perspectives for our understanding of the induced metabolic 
adaptations. 

4.2. Cytoprotection in the heat-acclimated heart 

Another aspect of the heat-acclimation/ischemia cross-tolerance and molecular 
response is the role of heat shock proteins (HSP), among which the HSP 72kDa 
has been the most extensively studied (23,24,25). Heat-acclimated hearts constitu- 
tively express a markedly higher level of the inducible HSP 72kDa (A 200%), 
and show faster HSP induction upon heat or ischemic stress. For example, follow- 
ing heat stress peak HSP 72kDa level in the heat acclimated rats hearts is attained 
following Ihr compared to 4hrs in the non-acclimated ones (23,24). Teleologically, 
the advantage of larger HSP reserves is immediate protection without a need for 
time-consuming de novo protein synthesis. This conclusion is compatible with the 
finding that genetic manipulation to produce overexpression of HSP renders 
ischemic tolerance in both cardiomyocytes and whole hearts (26,27) and with our 
observations that the index for the severity of the stress, infarct size, measured sub- 
sequent to coronary occlusion, is markedly smaller in the heat-acclimated heart. An 
additional acclimatory phenomenon is the faster rate of increased hsp mRNA 
expression, and the higher oxygen threshold required for HSP production during 
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ischemia. This dynamic response may produce an outcome different from that 
obtained by constitutively high HSP expression. 

5. FUTURE PERSPECTIVES 

Our data provide evidence that the process of heat acclimation confers long-term 
intrinsic adaptations. The manifestations of this adaptive response are multifaceted: 
in normoxic conditions, it is displayed by improved mechanical and metabolic per- 
formance. Upon ischemia/reperflision insults, cross-tolerance is shown, involving 
ionic (not shown), metabolic and cytoprotective adaptations. The data indicate that 
both transcriptional and post-transcriptional processes are involved. Understanding 
of this natural adaptation may constitute novel therapeutic targets. 
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Summary, In the past few years cardiac ceU transplantation has emerged as a novel thera- 
peutic strategy to treat myocardial infarction and heart failure. Several clinical studies are 
already underway, and multipotent stem cells show promise to become the favored cell type 
to replace lost myocardium. Nevertheless, important data providing insight into the basic 
mechanisms of this technique and supporting the beneficial effects of a ceU transfer therapy 
have already been obtained in studies involving fetal or neonatal cardiomyocytes. In this 
chapter we summarize the results from investigations on the potential of fetal and neonatal 
rat cardiomyocytes to survive, to mature and to structurally and functionally replace host 
myocardium after implantation in infarcted and non-infarcted rat hearts. 

In initial experiments human and rat fetal cardiomyocytes were injected into infarcted 
hearts of adult Sprague-Dawley rats. The expression of smooth muscle a-actin was followed 
as a marker of the fetal ceU grafts. The ceUular grafts survived for at least 60 days. On the 
other hand, the continuous presence of fetal a-actin also demonstrated a lack of complete 
maturation of these ceUs. Immunohistochemical analysis with connexin-43 antibody and the 
presence of surrounding coUagen revealed that areas of transplanted ceUs were isolated from 
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host myocardium. Nevertheless, transplanted fetal cardiomyocytes attenuated the deteriora- 
tion of cardiac function after myocardial infarction by echocardiographic analysis, albeit they 
were not able to reverse defective function. 

One of the factors that likely determines the effective support of cardiac function, will be 
the survival of transplanted cells. To assess the number of surviving cells, we used the Y chro- 
mosomes of male neonatal cardiomyocytes which were transplanted into female adult rats. 
PCR analysis revealed that the number of surviving cells decreased within 24 hours after 
transplantation to about 15% of those injected, but was quite stable thereafter for at least 12 
weeks. When injected into the infarcts of rat hearts (ligation of left coronary artery), neona- 
tal cardiomyocytes increased the thickness of the infarcts and improved LV ejection fraction 
as measured by angiography. Echocardiography revealed a trend towards a smaller internal 
diameter and an increased fractional shortening. The grafted neonatal cells developed orga- 
nized sarcomeric structures and aligned parallel to the circumference of the LV. However, 
similar to the observation for fetal cells, the neonatal cells did not achieve the maturity of 
adult rat cardiomyocytes. 

In summary, our data demonstrate that fetal and neonatal cardiomyocytes can survive 
long term after injection into normal or infarcted adult hearts. They undergo a certain degree 
of maturation over time, but during the observed periods they do not reach the matura- 
tion status of adult cells. Fetal and neonatal cells have beneficial effects on cardiac function 
of hearts after myocardial infarction, however, they do not completely reverse the con- 
tractile deficit of these hearts. Nevertheless, the data are encouraging that in the not too 
distant future cell therapy may be a new hope for patients who suffer from ischemic heart 
disease. 

Key words: myocardial infarction, therapy, cells, cardiomyocytes, transplantation, 
cardiomyoplasty, rat, fetal, neonatal. 



INTRODUCTION 

Cardiac tissue is terminally differentiated and myocardial cells only rarely undergo 
mitoses. Accordingly, regeneration of myocardium after injury is quite limited (1). 
Cell transplantation is a new strategy for provision of surrogate cardiomyocytes and 
for treatment of multiple diseases including myocardial infarction and heart failure. 
Currently, several studies in humans are already underway using different cell types 
like skeletal myoblasts (2) or hematopoietic stem cells (3,4) to replace the lost cardiac 
muscle. Although it is still unclear which cell type is most suitable for this task, 
it is likely that some kind of stem cell — whether embryonic, mesenchymal or 
hematopoietic — will be advantageous over other approaches. The reasons include 
their proliferative activity, their potential to differentiate into different types of cells 
and the possibility of using autologous cells that do not require immunosuppresive 
therapy. Despite these gaps in our knowledge that need to be filled in order to 
make cardiac cell transplantation a valuable therapy for human heart disease, it is 
also important to assess the validity of the concept and the therapeutic potential 
of this therapy in simple models. Therefore, in our laboratory we focused on the 
questions whether transplanted cells can survive in an hypoxic environment of a 
myocardial infarction, and whether they can contribute actively or passively to 
cardiac function. To address these questions we used fetal and neonatal cardiomy- 
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ocytes as supposedly optimal cellular grafts because they have the potential to survive 
after cell transplantation (5) and they already possess the properties that are charac- 
teristic of myocardial cells. 

SURVIVAL OF FETAL CARDIOMYOCYTES AFTER TRANSPLANTATION 
IN NORMAL AND INFARCTED ADULT HEARTS 

We initially studied fetal human and rat myocardial fragments that vv^ere injected 
into the scar tissue of rat hearts, 7 to 24 days after ligation of the left coronary 
artery (6). The grafted cells were detected by a-actin immunohistochemistry and 
electron microscopy a-actin is a smooth muscle cell isoform of actin expressed in 
fetal, but not in adult, cardiomyocytes. Engrafted human tissue was detected in 6 
rats (55%) at 7 days and in 4 rats (100%) 14 days after injection. Engrafted rat fetal 
tissue was found 8 days (1 of 2), 14 (1 of 2), 32 (1 of 1) and 65 days (2 of 2) after 
transplantation. Overall graft survival was 71%, and was independent of the time of 
implantation after myocardial infarction. This high percentage of survival was some- 
what surprising given the adverse environment of an infarcted region. However, 
from this data it is unclear how many or what fraction of the injected cells did 
survive. Ultrastructural analysis revealed the persistence of the fetal phenotype of 
cells until the latest time point studied (65 days). The regions of engraftment also 
stained positive for smooth muscle a-actin, indicating the survival of the grafted cell 
clusters, but also the incomplete maturation of the grafted cells. This data is 
supported by other investigations that found that fetal rat cardiomyocytes survived 
one month after transplantation in infarcted myocardium of adult rats (7), and 
they survived for as long as 20 weeks after transplantation into cryoinfarcted 
myocardium (8). 



FUNCTIONAL IMPACT OF FETAL CARDIOMYOCYTES 
AFTER TRANSPLANTATION IN INFARCTED HEARTS 

The most important objective that needs to be met by cell transplantation is the 
improvement of function in the state of cardiac disease. To test for this, we per- 
formed echocardiographic studies in rats that had infarcted left ventricles half 
of which received an injection of 1.5 X 10^ fetal ventricular cardiomyocytes (9). 
The histologic analysis revealed that cells were successfully grafted and survived 
for 8 weeks in 10 of 11 cases. However, no gap junctions were found between 
grafted cells and host myocardium by anti-connexin 43 staining, and the grafted 
cells frequently were surrounded by fibrous tissue that separated them from the 
host myocardium. Nevertheless, rats that received fetal cardiomyocyte trans- 
plantation showed a reduced deterioration of cardiac function assessed by echocar- 
diography compared to untreated animals. The reduction in fractional shortening 
and the increase in LV diastolic diameter was greater in untreated than in cell 
treated animals. This beneficial effect on cardiac function also translated in an — 
albeit non-significant — reduction in mortality: No rat died in the cell treated 
group (n = 11) while 4 of 16 rats in the control group died within 8 weeks 
(P = 0.12). 
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Other investigators also found potential beneficial effects of fetal cardio- 
myocytes when transplanted into diseased hearts. In a comparative study, 
fetal cardiomyocytes were found to have a better effect on cardiac function after 
myocardial infarction than did either smooth muscle cells or fibroblasts (10). In 
Langendorff preparations, cell-treated infarcted hearts were able to develop higher 
pressures than non-treated hearts (11). It was even found that echocardiographic 
function was improved in vivo not only in rats after myocardial infarction (7), 
but also in rats with doxorubicin-induced heart failure that had received fetal 
cardiomyocyte grafts (12). However, in this study the successful grafting of the cells 
could not be demonstrated. 

Besides their effects on cardiac function, transplanted fetal cardiomyocytes can also 
enhance angiogenesis. In our study (9) there was a non-significant trend towards a 
higher density of capillaries or arterioles (P = 0.13), but Li et al. (8) found signi- 
ficant angiogenesis in the animals that were treated with cells. 

SURVIVAL AND DEVELOPMENT OF NEONATAL CARDIOMYOCYTES 
AFTER TRANSPLANTATION INTO NORMAL 
AND INFARCTED RAT HEARTS 

Acute myocardial infarction is followed by an early inflammatory response which 
results in degradation of necrotic tissue and in scar formation. For cell transplanta- 
tion it is still not completely clear what time after the acute event would be optimal 
for both survival of cells and therapeutic effect. Zhang et al. (13) addressed the 
first question by using neonatal cardiomyocytes, and found that cell death is 
most pronounced if cells are injected into the acute myocardial infarct. Recent data 
from other investigators support this finding, in that fetal cardiomyocytes that 
were injected 2 or 4 weeks after myocardial infarct, i.e. after the acute inflamma- 
tory phase, but before scar expansion, had the most beneficial effects on cardiac 
function after myocardial infarction (14). Not surprisingly the death of grafted 
neonatal cardiomyocytes occurs largely during the first few days after cell trans- 
plantation (13). In our study we sought to establish a quantitative time course of 
survival of male neonatal cardiomyocytes transplanted into the heart of female 
healthy adult syngeneic rats (15). Cell survival was followed by quantitative real- 
time PCR of a Y chromosome marker. We found that more than 75% of the injected 
cells were no longer detectable at 24 hours. At 12 weeks we found that 15% of the 
grafted cells had survived. Thus, after a rapid drop in cell number, the number of 
surviving cells remains relatively stable for several months, which is encouraging 
with regard to a long term therapeutic effect of the surviving cells. Interestingly, 
even immediately after injection only 57% of injected cells could be identified in 
the host myocardium, indicating that technical issues of cells grafting play a role in 
cell loss. In our study, unlike others using neonatal cardiomyocytes (13), skeletal 
myoblasts (16) or dopaminergic neurons (17), cell survival was not improved by 
anti-apoptotic interventions. The grafted cells matured over time, but even at 12 
weeks they did not reach the length, the width and the nuclear size of adult rat 
cardiomyocytes (15). When male neonatal cells were injected into infarcted female 
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Figure 1. Bulked-up myocardial scar after cell transplantation. 

(A) Picrosirius-red stained infarct scar at 6 months of an untreated (media only) rat. The infarct scar 
is collagenous and appears dark grey. The infarct is transmural, thin, and devoid of myocytes. The 
visceral pericardium appears thickened (picrosirius red, X4 objective). 

(B) Transplanted neonatal cardiomyocytes survived for 6 months in the infarct and formed a bulky 
muscle patch (arrows) within the scar. Viable myocytes are pale. The cell implant is a discrete lump of 
cells found in the midmyocardium and subepicardium of the scar. We did not observe similar struc- 
tures in media-treated hearts (picrosirius red, X4 objective). 



hearts, the number of surviving cells, as assessed by PCR of a Y chromosomal region, 
was significantly higher: After 6 months we found that 62% of grafted cells survived 
(n = 6) (18). Although this number likely overestimates the number of surviving 
cardiomyocytes (since about 10% of injected cells were non-cardiomyocytes), 
histology revealed large clusters of transplanted cardiomyocytes that survived to 
“bulk-up” the thin-walled scar of the infarct (Figure 1). Whether these cells would 





540 IV Novel Therapeutic Approaches to Cardiovascular Disease 



suffice to improve function of the infarcted hearts was tested in our subsequent 
experiments. 

FUNCTIONAL IMPACT OF TRANSPLANTED NEONATAL CARDIOMYOCYTES 

To assess support of cardiac function by transplanted neonatal cells, echocardio- 
graphic and angiographic analysis was performed in rats after myocardial infarction 
and after the transplantation of neonatal rat cardiomyocytes. Cells (3-5 X 10^) or 
medium were injected into the infarct zone of syngeneic animals 1 week after left 
coronary artery ligation. As described above, discrete clusters of cells were present 
in all treated animals within the infarct scar, which was not observed in media- 
injected hearts. Infarct thickness was greater in treated animals vs. controls (909 ± 
97 vs. 619 ± 43pm, P < 0.02, figure 1), while infarct size and left ventricular (LV) 
volumes were similar (18). Echocardiography was done as described previously (19) 
at baseline (1 wk after infarct, before cell injection) and 1, 2, 3 and 6 months after 
cardiomyocyte transplantation. Left ventricular diastolic (LVIDd) and systolic 
(LVIDs) diameters were measured in triplicate from the M-mode of the short axis 
view (mid-papillary plane) of the left ventricle in anesthetized animals (methoxy- 
flurane). Fractional shortening (FS) was calculated as (LVIDd-LVIDs)/ LVIDd. In 
addition, anterior wall thickening was assessed at baseline and 6 months after treat- 
ment (0 = akinesis or dyskinesis, 1 = hypokinesis, 2 = normal waU motion). Two- 
dimensional LV areas in diastole (LVAd), in systole (LVAs) were calculated as well 
as area EF, at baseline and at 6 months. At 6 months, we found that treated animals 
(n = 17) had a smaller LVIDs than untreated (n = 17, P < 0.05) and there was a 
trend for reduced LVIDs (P = 0.07) (Figure 2, Table 1). Also thickening of the 
antero-septal wall tended to be greater in animals treated with neonatal cardiomy- 
ocytes (P = 0.10, Table 1). 

Flemodynamic measurements and biplane angiography were performed to further 
assess global and regional cardiac function. Heart rate tended to be lower in the 



Table 1. M-mode and two-dimensional 
echocardiography 6 months after cell 
transplantation or medium injection 



Cell 

Untreated transplantation 

(n = 17) (n = 17) P-value 



LVIDd (cm) 


0.72 


± 


0.03 


0.66 


± 


0.02 


0.066 


LVIDs (cm) 


0.52 


± 


0.03 


0.44 


± 


0.02 


0.046 


FS (%) 


28.7 


± 


3.1 


33.1 


± 


2.8 


0.31 


Area EF (%) 


27.6 


± 


3.5 


31.4 


± 


3.1 


0.44 


Anterior wall 


0.35 


± 


0.15 


0.71 


± 


0.17 


0.10 



Thickening 



LVIDd/ LVIDs = left ventricular internal diameter in diastole/ systole; 
FS = fractional shortening calculated as (LVIDd - LVIDs)/ LVIDd; area 
EF = area ejection fraction calculated as (diastolic LV area — systolic LV area)/ 
diastolic LV area; n = number of animals. 
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Pre-implant 1 month 2 months 3 months 6 months 



Time after cell transplantation 




LU Pre-implant 1 month 2 months 3 months 6 months 



Time after cell transplantation 

Figure 2. LV dimensions (A) and fractional shortening (B) in M-mode echocardiography, before 
and after cell transplantation. At 6 months (n = 17) fractional shortening was the same in the cell 
transplantation group (solid symbols) as in control rats (open symbols), but there was a trend for 
smaller LV internal diameter in diastole, while systolic LV internal diameter was significantly smaller 
than in control rat hearts. 
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treated group, but LV pressures, peak positive dP/dt and peak negative dP/dt were 
similar in both groups. In contrast, LV ejection fraction at 6 months was greater in 
treated animals versus untreated (0.36 ± 0.03 vs. 0.25 ± 0.02, P < 0.01), and they 
had significantly less infarct zone dyskinesis (0.30 ± 0.08 vs. 0.55 ± 0.07, P = 0.035, 
lateral projection. Figure 3) (18). 

Thus, both echocardiography and LV angiography support the hypothesis that 
transplantation of neonatal cardiomyocytes can improve cardiac function after 
myocardial infarction. Whether this is due to active contribution of grafted cells to 
contractility or secondary to passive thickening the wall of the infarct is unclear. In 
either case, ejection fraction was enhanced and paradoxical systolic bulging of the 
infarct reduced. 

SUMMARY AND CONCLUSIONS 

Regenerating damaged myocardium by the injection or transplantation of new cells 
is a challenge currently being met by many cardiovascular researchers and clinicians. 
Apart from choosing a suitable cell type that, ideally, should be autologous, it is 
important to understand the basic mechanisms that are initiated by this procedure. 
Evidence must be accumulated to confirm the hypothesis that new myocardial cells 
can not only survive in an environment that has killed or damaged the endogenous 
cells, but that they can also support myocardial function long-term. For this, imma- 
ture cardiomoycytes appear superior to other cell types because, unlike adult cells, 
they are known to endure the mechanical stress of transplantation (5), and they are 
ready to resume contractile activity without differentiation or even trans- 
differentiation needed. Studies to date indicate that fetal and neonatal cardiac cell 
transplants exhibit long-term survival when injected into myocardial infarct scars of 
small animals. They show maturation to some extent, but even after 6 months they 
remain easily distinguishable from adult cells by their smaller size and smaller and 
rounder nuclei. Nevertheless, both fetal and neonatal cardiomyocytes improve func- 
tion or at least attenuate deterioration of function as assessed by echocardiography 
and LV angiography. For neonatal cardiomyocytes, a decreased dilatation of the left 
ventricle, less paradoxical bulging of the scar and larger ejection fraction was found 
in comparison to untreated controls. The goal of complete replacement of damaged 
myocardium and full restoration of cardiac function has not yet been met by the 
transplantation of immature cardiomyocytes. However, some long-term improve- 
ment of cardiac function was observed that serves as a proof of principle and as a 
compelling basis for further research in this field. 
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Summary, Bone marrow stromal cells (MSCs) are multipotent adult stem-cells capable of 
regenerating a variety of adult tissues. This review examines the use of MSCs as a source of 
myocardial tissue regeneration, concentrating on the recent history of experiments examin- 
ing the pathophysiological role of MSCs following myocardial infarction and their therapeutic 
use in regenerative cardiology. It provides an up-to-date review of current trials examining 
the functional impact of MSC implantation into an injured myocardium and discusses the 
future directions and potential pitfalls of this active area of research. 

Key words: Marrow stromal cells, cellular cardiomyoplasty, myocardial regeneration, heart 
failure. 

INTRODUCTION 

The burden of cardiovascular disease in Western society has been well documented, 
with approximately 550,000 people in the United States suffering from morbidity 
related to myocardial ischemia each year (1). The final common pathophysiological 
pathway in the development of the symptoms of congestive heart failure (CHF) in 
these patients is the irreversible loss of terminally differentiated cardiomyocytes. 
While medical and surgical therapies for CHF exist, they target the symptoms of 
the disease and are ineffective against the underlying pathophysiological process. It 
is clear that novel therapeutic strategies are needed to confront the growing problem 
of CHF-related morbidity. 
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CELLULAR THERAPY 

The concept of cellular cardiomyoplasty (CCM), the transplantation of cardiomy- 
ocyte precursors or functioning cardiomyocytes into infarcted tissue, has been 
described as early as 1989 (2). The term itself was first used by Chiu et al. 1995 in 
reference to skeletal muscle satellite cell implantation (3). Although many types 
of donor cells have been described including skeletal myoblasts (4), fetal (5,6) and 
adult cardiomyocytes and embryonic stem cells (7), the most actively pursued area 
of research has been adult stem cells (8). Adult bone marrow is known to contain 
an autologous source of these stem cells, often referred to as marrow stromal cells 
(MSCs). The availability, plasticity and relative ease of culture of these cells are enor- 
mous advantages, in addition to the avoidance of the ethical considerations and issues 
of immune tolerance associated fetal tissue and embryonic stem cells. 

The initial observations by Friedenstein and colleagues in the 1970s led many to 
believe that the bone marrow contained a subpopulation of cells capable of differ- 
entiating into fibroblasts and other mesenchymal cells (9). Since this initial work, 
many investigators have reported evidence of the existence of multipotential stems 
cells in adult bone marrow capable of differentiation into a variety of different cells 
types, including those of nonmesenchymal origin (10,11). This led to use of the 
term adult stem cells as opposed to mesenchymal stem cells. 

THE PATHOPHYSIOLOGICAL ROLE OF MSCS 
FOLLOWING MYOCARDIAL INFARCTION 

Cardiomyocyte necrosis following myocardial infarction (MI) triggers a cascade of 
events ultimately leading to decreased left ventricular performance. Scar formation, 
angiogenesis and ventricular remodeling occur in the weeks to months following 
an acute MI. Until recently, this process was thought only to involve local myofi- 
broblasts and the cellular mediators of inflammation. Emerging data, however, sug- 
gests that the MSC may also play a role in the reparative and regenerative processes. 

Bittira et al. (12) provided convincing evidence of the pathophysiological role of 
these cells following an acute MI. Following systemic injection of autologous MSCs 
labeled with the LacZ reporter gene into Lewis rats, it was demonstrated that these 
cells were able to “home” into the bone marrow compartment. Furthermore, 
following creation of an anterior myocardial infarction by LAD ligation, it was 
shown that labeled MSCs subsequently engrafted the injured area of myocardium. 
A proportion of these cells underwent morphologic changes representative of 
cardiomyogenic differentiation. The presence of connexin 43, the main constituent 
protein of gap junctions, was evident at 4-weeks. Lebeled cells did not, however, 
stain positively for sarcomeric myosin heav^ chain. Additionally, some labeled cells 
stained positively for alpha smooth muscle actin and incorporated into the endothe- 
lium of small arterioles and capillaries, suggesting a role in angiogenesis. 

These findings suggest that MSCs play a role in the normal biological repair 
process following acute myocardial infarction. The therapeutic implications of this 
discovery are obvious if a method can be developed to deliver a meaningful number 
of cardiomyocyte progenitors to the injured ventricle. 
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INDUCING MSCS TO FORM CARDIOMYOCYTES IN VITRO 

The ability to promote high proportions of MSCs to form cardiomyocyte progen- 
itors in vitro is desirable if cell-based therapy is to become clinical reality. Wakatani 
and colleagues (13) demonstrated in 1995 that rat MSCs, following exposure to the 
demethylating agent 5-azacytidine, transdifferentiated into multinucleated myotubes 
that stained positively for skeletal muscle-specific myosin. Additionally, these cells 
demonstrated contractile properties following exposure to acetylcholine. 

Makino et al. (14) demonstrated that adult MSCs can be induced to differenti- 
ate into cardiomyocytes in vitro following 5-azacytidine exposure. In approximately 
30% of the initial cell mass, cellular morphology gradually changed from fibroblast- 
like appearance to myotube-like structures over a three-week period. Surprisingly, 
spontaneous contractility was demonstrated after two weeks and synchronous 
contraction after three weeks. Electrophysiologic studies demonstrated that these 
cells developed node-like action potentials at 3-weeks and subsequently ventricular 
myocyte-like action potentials after 4-weeks. Cardiomyocyte characteristics were 
confirmed by a number of techniques: The cells expressed atrial natriuretic peptide, 
myosin heavy and light chains and were interconnected by intercalated disks. 

The exact mechanism of action of 5-azacytidine has not yet been elucidated. 
Konieczny et al. proposed that embryonic cells contain a myogenic determination 
locus in a methylated state with a transcriptionally inactive phase. It is hypothesized 
that this locus becomes demethylated and transcriptionally active following the addi- 
tion of 5-azacytidine, causing myogenic differentiation to occur (15). 

The establishment of a cardiomyogenic cell line from adult bone marrow cells 
yielded a powerful model for the study cardiomyocyte differentiation that has since 
been used by many investigators. Additionally, this study raised the possibility of 
using 5-azacytidine as an adjunct to induce cardiomyocyte differentiation in MSCs 
used for cellular cardiomyoplasty. 

EXPERIMENTAL EVIDENCE FOR CELLULAR CARDIOMYOPLASTY 
AS A TREATMENT FOR HEART FAILURE 

The first in vivo study to definitively demonstrate that adult MSCs were capable 
of differentiation into cardiomyogenic cells was conducted by Tomita et al. (16). A 
BrdU labeled population of rat MSCs pretreated with 5-azacytidine was injected 
directly into the scar area of the rat left ventricle 3- weeks post-cryoinjury. At 5- 
weeks post-transplantation, labeled cells were identified in the scar area of animals 
in the study group. MSCs were found to contribute to angiogenesis, and trans- 
planted hearts were found to contain higher capillary density than controls. 
Additionally, infarct size was smaller in transplanted animals. Although functional 
improvement was demonstrated using the Langendorff model, as evidenced by sig- 
nificantly higher peak systolic and developed pressures in animals who received cell 
therapy, the study was criticized because left-ventricular end-diastolic volumes 
in the study group were lower relative to controls. The predictive value of the 
Langendorff model when used in hearts of differing sizes is poor, since peak sys- 
tolic pressures may be falsely elevated in smaller hearts. 
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The role of milieu-dependent differentiation has been examined by Wang and 
colleagues (17,18). These investigators injected autologous MSCs into the left- 
ventricular free wall of isogenic Lewis rats and sacrificed the animals in a serial 
manner. At 1 month, labeled MSCs acquired a phenotype similar to normal host 
cardiomyocytes and stained positively for the presence of sarcomeric myosin heavy 
chain and the cardiomyocyte-specific protein connexin 43. Thus the ultimate fate 
of implanted MSCs appeared to be determined by the cardiac milieu they were 
placed in, rather than by exogenous stimulation by a chemical agent such as 5- 
azacytidine. Wang continued his work in a second series of experiments where 
autologous MSCs were again injected into the left ventricle. This time, however, 
cells remaining in the needle tract (surrounded by fibrous scar) were compared with 
those that had migrated into surrounding normal myocardium. Cells surrounded by 
fibrous scar did not undergo cardiomyogenic differentiation and appeared morpho- 
logically similar to fibroblasts. In findings consistent with the initial experiment, 
MSCs that were in close proximity to normal host cariomyocytes acquired a car- 
diomyocyte phenoty'pe and again stained positively for sarcomeric myosin heavy 
chain and connexin 43. The findings suggested that even without the use of exoge- 
nous synthetic agents, local stimuli from the microenvironment are sufficient to 
guide the differentiation of MSCs into functioning cardiac tissue. 

These observations support the growing body of evidence that MSCs are in fact 
multipotent adult stem cells, capable of differentiating into functioning cardio- 
myocytes with and without the use of exogenous agents. Many questions remained 
unanswered, however, and a positive effect of MSC implantation on myocardial func- 
tion had not yet been definitively shown. Additionally, it appeared that following 
implantation, MSCs only underwent cardiomyogenic differentiation if they were 
surrounded by normal host cardiocytes. The ability^ to regenerate functioning 
myocardium from mature scar remained a significant hurdle on the path to true 
cellular cardiomyoplasty. 

AUTOLOGOUS MSC IMPLANTATION AS A SOURCE OF MYOCARDIAL 
TISSUE REGENERATION: RESULTS OF FUNCTIONAL STUDIES 

Recently, very promising studies have been conducted demonstrating that MSCs are 
able to promote meaningful repair of the left ventricle in ischemia/reperfusion 
injury models using mice and rats (19,20). Orlic et al. (19) sorted lineage-negative 
(Lin~) bone marrow cells from transgenic mice expressing enhanced green fluores- 
cent protein by fluorescence-activated cell sorting on the basis of c-kit expression. 
They then created a myocardial infarction model by ligating the proximal LAD, and 
shortly afterward Lin" c-kit^'^^^'' cells were injected in the contracting wall bordering 
the infarct (the peri-infarct zone of the left ventricle). Reconstitution of the 
myocardium was found to occur in 12 of 30 animals (40%) with the failure rate 
being attributed to the technical difficulty of direct implantation into a left ventri- 
cle contracting at approximately 600 beats per minute. Newly formed myocardium 
occupied 68% of the infarcted portion of the ventricle 9 days after transplanting 
bone marrow cells. The percentage of new myocytes, endothelial cells and smooth 
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muscle cells expressing the GFP marker was 53 ± 9%, 44 ± 6% and 49 ± 7%, respec- 
tively, and the values were consistent with the fraction of transplanted Lin” c-kit^°^ 
bone marrow cells that expressed GFP. Furthermore, the authors were able to 
demonstrate that all nuclei of labeled cells expressed myocyte enhancer factor-2 
(MEF2) and the cardiac specific transcription factor GATA-4. Only 40 ± 9% 
expressed the early marker for myocyte development Csx/Nkx2. These findings 
were consistent with the belief that newly formed myocytes represented maturing 
cells aimed at functional competence. Connexin 43 was apparent in the cell cyto- 
plasm and at the surface of closely aligned differentiating cells, a result consistent 
with expected functional competence. 

To determine whether developing myocytes derived from MSCs actually had an 
impact on function, haemodynamic parameters were obtained prior to sacrifice. In 
MSC-treated animals, left ventricular end-diastolic pressure (LVEDP) was lower and 
left ventricular developed pressure (LVDP) was higher (36% and 32%, respectively). 
These findings are significant, as this was the first study to definitively demonstrate 
that a subpopulation of primitive bone marrow cells regenerate myocardium in vivo 
with an improvement in left ventricular performance. 

In a follow-up to their original study, Orlic and colleagues hypothesized that 
MSCs mobilized by stem cell factor (SCF) and granulocyte-colony stimulating factor 
(G-CSF) would target the infarcted region of myocardium, replicate, differentiate 
and ultimately promote myocardial repair (20). The authors again used C57BL/6 
male mice which were splenectomized at 2 months of age. Two weeks later these 
animals were injected with recombinant rat SCF (200 mg/kg/ day) and recombinant 
human G-CSF (50 mg/kg/ day) daily for 5 days, resulting in a 250-fold increase in 
Lin” c-kit^*^^ circulating cells. A significant myocardial infarction was then created 
by proximal LAD ligation. BrdUrd (50 mg/kg) was given once a day for 13 days 
before the mice were killed. Echocardiography and hemodynamics were performed 
and the mice were sacrificed at 27 days. 

The results were dramatic. The combination of SCF and G-CSF administration 
with the consequent MSC mobilization (and presumably translocation to the 
infarcted portion of the heart) led to significant myocardial repair. Infarct size 
was reduced by 40%, cavitary dilation by 26% and diastolic stress by 70% in treated 
animals. From the echocardiographic data, ejection fraction was found to progres- 
sively increase and hemodynamics were significantly improved. Perhaps the most 
notable result from the study was the 68% improvement in mortality that was noted 
in the treatment group. Eleven of fifteen treated animals survived to the 27 day 
endpoint compared to 9 of 52 untreated animals (83% mortality). These results 
should be interpreted with great caution, however, as the mortality in control 
animals is significantly higher than would be expected from LAD ligation in a rodent 
model. 

Perhaps the most significant finding of this study is the suggestion anatomical and 
functional improvement can be accomplished with the use of a noninvasive proce- 
dure. In the previous landmark study, and in other studies assessing myocardial func- 
tion following cell therapy, MSCs were delivered directly to the infarct region by 




550 IV. Novel Therapeutic Approaches to Cardiovascular Disease 



local infiltration. The development of an effective, noninvasive therapy for myocar- 
dial regeneration following acute myocardial infarction has obvious implications for 
the treatment of ischemic heart disease in humans. 

DELIVERY METHODS: AN ONGOING DEBATE 

The optimum method of delivery of MSCs to an injured myocardium has not yet 
been established. Direct intramyocardial injection of MSCs has already been estab- 
lished as an effective means of augmenting ventricular performance in an animal 
model of myocardial injury (19), however the procedure is highly invasive and may 
not be amenable to many clinical situations. The recruitment of host MSCs using 
intravenous cytokines such as stem cell factor or G-CSF is promising (20), however 
studies examining this therapy have utilized pretreatment with these agents prior to 
infarct creation. 

Intracoronary administration of MSCs as a potential method of delivery to an 
injured myocardium has been examined, and is considerably less invasive than direct 
injection since it can be accomplished by catheter-based techniques. Wang et al. 
(21) examined the pathophysiologic and therapeutic implications of this delivery 
technique. Two weeks after LAD ligation in Lewis rats, LacZ labeled autologous 
MSCs were injected directly into the aortic root after cross-clamping. The hearts 
were harvested immediately or at 4 weeks following injection. LacZ labeled MSCs 
were seen trapped within the coronary capillaries immediately following infusion. 
After 4 weeks, these cells were detected within the myocardial scar or, in some 
instances, outside the infarction area. Cells trapped within the newly formed scar 
had a fibroblastic phenotype, however cells that had developed in close contact with 
normal host cardiomyocytes acquired morphologic features consistent with cardiac 
muscle cells. These cells stained positively for connexin 43 and integrated with sur- 
rounding normal myocardium. Some cells were also incorporated into the endo- 
cardium and capillary endothelium. Although this study did not have a functional 
component, it did demonstrate that coronary delivery of MSCs is a potential ther- 
apeutic option for cellular cardiomyoplasty. 

Intravenous delivery of MSCs would obviously represent the least invasive form 
of therapy. A study focusing on the neoangiogenic potential of marrow-derived cells 
by Kocher and colleagues (22) was performed which demonstrated that systemically 
administered CD34‘*’ human bone marrow cells are also capable of supporting repair 
after myocardial infarction. Following proximal LAD ligation in a rat model, 2 
million freshly-obtained, labeled human CD34‘^ MSCs were injected intravenously. 
Histologic examination at two weeks post-infarction revealed that injection of 
CD34*^ cells was accompanied by a significant increase in infarct zone microvascu- 
larity, cellularity and numbers of factor- VI IT angioblasts and capillaries, and was also 
accompanied by reduction in matrix deposition and fibrosis in comparison to con- 
trols. Labeled cells supported healing by contributing to approximately 25% of the 
newly developed myocardial capillary vasculature. At 15-weeks post-infarction, mean 
cardiac index in rats injected with CD34^ cells was only reduced by 26 ± 8% rel- 
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ative to normal rats, whereas in the other groups it was reduced by 48-59% (P < 
0.001). In a follow-up experiment, the authors demonstrated that the infarct zone 
vasculogenesis and peri-infarct angiogenesis induced by cell injection prevented a 
radially extending pro-apoptotic process that was evident in controls. This phe- 
nomenon enabled survival of hypertrophied myocytes within the peri-infarct zone 
and improved myocardial function. 

This study demonstrates that the marrow-derived ceUs do not necessarily need 
to be injected directly into the site of injury or even into the coronary circulation 
to provide a beneficial effect. Additionally, the therapeutic effect of these cells could, 
at least in part, be due to induction of endothelial growth and neovascularization 
of the myocardium. 

MECHANISMS OF FUNCTIONAL IMPROVEMENT: MYOGENESIS, 

ANGIOGENESIS, OR SOMETHING MORE? 

It is important to note that the mechanisms of the beneficial effects resulting in 
improved cardiac functionality following MSC or cytokine administration are not 
yet clear. The remarkable results achieved in some studies are probably due to more 
than just recruitment of cells to become myocytes. The positive effects on cardiac 
performance may be due to myogenesis, angiogenesis or prevention of left ventric- 
ular dilatation and remodeling (12). 

The case for myogenic precursor cells integrating into damaged myocardial tissue 
and contributing to meaningful, synchronous contractile function has already been 
made, and the evidence continues to mount. As already discussed, a growing body 
of literature suggests that MSCs are able to migrate to the left ventricle following 
an acute myocardial infarction (12), or they can be delivered directly into the area 
of injury by local injection (19). These cells phenotypicaUy resemble cardiac 
myocytes, stain positively for cardiomyocyte specific markers and form connections 
with surrounding myocytes via gap junctions (13,14,16,19). Data derived from in 
vitro experiments demonstrates that bone-marrow derived myocardial precursors are 
induced to express beta-adrenergic and muscarinic receptors after they had been 
induced to express the cardiomyocyte phenotype. These newly-formed receptors 
had functional signal-transduction pathways and were shown to be capable of 
modulating cell function (23). Clearly, for regenerated cardiomyocytes to be useful 
for transplantation, they must not only differentiate and integrate into the host 
myocardium but they must express functional adrenergic and muscarinic receptors 
capable of responding to in vivo stimuli. From a synthesis of the evidence at hand, 
this appears to be the case. 

Angiogenesis also clearly plays a part in the healing/remodeling process follow- 
ing an ischemic insult to the myocardium. Although myogenesis was not examined 
in the recent study by Kocher et al. (22), significant angiogenesis and attenuation 
of myocyte apoptosis at the infarct border-zone was demonstrated, and the func- 
tional improvement in the hearts of treated animals relative to controls was signif- 
icant. In fact, optimum cellular therapy for the failing myocardium may ultimately 
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be myocardial progenitor cells induced to express angiogenic growth factors such 
as vascular endothelial growth factor (VEGF). Studies examining this potential 
“combination” therapy are currently underway 

In a letter to the editor of The Journal of Thoracic and Cardiovascular Surgery, it 
was hypothesized that strategies aimed at preventing myocardial impairment result- 
ing from left ventricular remodeling would be superior to ones that propose to restore 
ventricular function by the introduction of newly formed cardiomyocytes in an 
attempt to replace those lost as the result of an infarction (24). The author points out 
that both myocytes and intercellular collagen matrix are destroyed following myocar- 
dial infarction, and the random implantation of myogenic precursors into an infarct 
in the absence of a viable collagen network to “harness them together” are unlikely 
to provide effectiv^e contractile force. It was suggested that the beneficial effects attrib- 
uted to cellular cardiomyoplasty seen in recent studies are partially attributable to 
alteration in infarct material properties and prevention of infarct expansion, thereby 
limiting the myopathic effects of postinfarction left ventricular remodeling. Despite 
the enthusiasm generated by the favorable results in animal studies, a clearer under- 
standing of the mechanisms of functional improvement following cellular cardiomy- 
oplasty with MSCs is required before the works pushes forward to human trials. 

“STEM CELLS THAT AREN’T?”: A FINAL CAVEAT 

Much evidence has accumulated suggesting that bone-marrow derived precursor 
cells are capable of in vivo differentiation to many host tissues (4,6,25,26), presum- 
ably through milieu-dependent differentiation. A recent study published in Nature, 
however, casts some doubt on the current body of evidence and raises questions 
whether or not transdifferentiation of MSCs actually occurs at all (27). In an exper- 
iment designed to determine if embryonic stem cells can influence MSCs to trans- 
differentiate into embryonic-like cells, Terada et al. co-cultured these two cell types. 
Although transdifferentiation of adult stem cells into embryonic-like cells did not 
occur, the authors found that cell fusion occurred between the ES cells and MSCs. 
The hypothesis has been put forth that fusion is perhaps being misinterpreted as 
transdifferentiation. 

Fusion was assumed to be a rare event, with an estimated frequency of 1 in 10 
to 1 in 5 X 10\ Since MSCs used in these experiments represent a nonhomoge- 
neous population, it is conceivable that perhaps only a small proportion of these 
cells are capable of fusion. Additionally, cell fusion has so far only been shown to 
occur in vitro, while transdifferentiation has been demonstrated both in vitro and 
in vivo. While it is much too early to conclude that the phenomenon of transdif- 
ferentiation exhibited by MSCs is not a real one, it is clear that further in vivo 
studies must include detailed genetic analysis in an effort to answer this question. 

MSCS FOR CELLULAR CARDIOMYOPLASTY: 

THE ROAD TO HUMAN CLINICAL TRIALS 

This chapter provides a broad overview of the topic of MSCs as a source of myocar- 
dial tissue regeneration. Although much has been accomplished to date, it is appar- 
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ent that an enormous amount of work remains to be completed before human clin- 
ical trials can be effectively undertaken. While the new issue of trandifferentiation 
versus cell fusion remains to be sorted out, other questions such as the optimum 
subpopulation of MSCs for implantation, timing of therapy, mode of cell delivery 
and mechanism of functional improvement must be answered before effective and 
safe therapy can be designed. The roles of cytokine therapy and angiogenic therapy 
also need to be defined. With the phenomenal amount of interest in this active area 
of research worldwide, the enormous strides made so far are certain to continue at 
an accelerated pace, laying the groundwork for the first therapy to target the basic 
underlying pathophysiologic process of heart failure. 
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Summary. Interest in xenotransplantation has increased significantly as a possible response to 
the critical organ shortage crisis that exists in clinical transplantation today. The pig has been 
suggested to be the most suitable animal for human xenotransplantation, however, many 
barriers still exist to the clinical application of xenotransplantation. 

This review takes a brief look at the history of clinical xenotransplantation, the choice 
of organ donor, the obstacles to xenotransplantation and attempts to overcome them. 
Xenografted organs will likely be used as a bridge to allotransplantation before being used 
as full blown replacements for human organs. There is much progress that has been made, 
but still much to do. With perseverance and good science, solutions are likely to be found. 

Key words: xenotransplantation, rejection, alpha-Gal antibody, pig. 

1. INTRODUCTION 

The field of allotransplantation (transplantation within a species) has had consider- 
able success due in part to the important contributions of individuals like Carrel 
(1,2) — vascular anastomosis; Medawar & Burnett (3-5) — immunological tolerance; 
and Caine (6) — cyclosporine. There have been over a million organ and tissue 
transplants performed world wide to date. In 1999, worldwide (~29 countries com- 
prising -790.5 million people), there were over 40,000 cadaveric solid organ trans- 
plants performed, with most being performed in the USA (7). Further scientific 
advances will undoubtedly increase the application of allotransplantion. No matter 
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how advanced the science becomes, allotransplantation will be limited by the 
shortage of human tissues and organs. In 1999, only about 30% of people who 
needed an organ in the USA were transplanted. It is estimated, that by the year 
2010, the number of people on the waiting list will have increased by about 200% 
(i.e. -225,000 people); whereas the number of organ donors in the USA will likely 
stay static around 20,000 (8). This means that instead of the current 30% of 
people who get transplanted, only about 10% of people on the waiting list will get 
transplanted. 

Investigators are trying to solve this organ shortage crisis in many ways includ- 
ing but not limited to: increasing awareness of both the general public and physi- 
cians (9), artificial organs (10,11), cloning technology (12), and xenotransplantation. 
Xenotransplantation has many advantages such as an endless supply of organs, ability 
to genetically engineer organs, and optimizing technical factors (ex. decreasing 
ischemia time or eliminating “middle of the night” operations by being able to plan 
ahead of time). However, many obstacles still exist such as xenograft rejection, 
possible physiological mismatch between humans and animals, and xenozoonoses. 



2. HISTORY OF XENOTRANSPLANTATION 

Ideas of xenotransplantation date back centuries as can be seen in stories of mytho- 
logical beings that were more powerful since they had the advantages of being part 
animal as well as part human (8). The first surgical attempt at xenotransplantation 
was reported in 1804 when Boronio described the failure of a cow and horse skin 
graft exchange (13). Similar failures were reported by Bert (13) who tried to trans- 
plant guinea pig skin to rats. In the early 1920s, Russian surgeon Serge Voronoff 
transplanted 51 older human males with baboon testicles in an attempt to “rejuve- 
nate their physical, mental, and sexual condition” (8). Voronoff writes of how suc- 
cessful his procedure was; however, with today’s knowledge, we know that these 
grafts probably did not survive very long and most of the beneficial effects were 
probably placebo effects. 

2.1. Solid organ xenotransplants 

The first vascularized renal xenotransplant in a human was described by Jaboulay 
in 1905 (13). Jaboulay transplanted two patients — one was pig-to-human and the 
second was goat-to-human. Both of these grafts failed and pathology showed vessel 
thrombosis. There were a few other failed trials early in the 20'^ century and then 
the interest in xenotransplantation subsided. Interest picked up again in the 1960’s 
when Reemtsma (14) did xenotransplantation using immunosuppressive protocols 
that were known to blunt allograft rejection. Reemtsma performed 12 chimpanzee- 
to-human renal transplants in the early 1960’s using an immunosuppressive proto- 
col of steroids, actinomycin C and local irradiation of the graft. Most of the 
xenografts rejected within 2 months; however, one functioned for greater than 9 
months and at the patient’s death (from infection), there was little evidence of rejec- 
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tion in the graft. Starzl (15) and Milliard (13) did 6 baboon-to-human kidney trans- 
plants in the early 1960 s as well. Even though they used similar immunosuppres- 
sion as Reemstma had used, the grafts functioned only a mean of 36 days (range 
10—60 days). In their studies there was no evidence of hyperacute rejection but there 
were more frequent and more severe rejection episodes. Pathology showed hemor- 
rhagic infarcts compatible with vascular lesions characteristic of humoral rejection 
(15). The baboon is more phylogenetically disparate from humans than chimpanzees 
and the more phylogenetically disparate the combination, the more humoral the 
rejection response. This may help explain why Starzl and MiUard had shorter sur- 
vivals with their transplants as compared to Reemstma. 

In 1964, Hardy (16) performed the first heart xenotransplant using a chimpanzee 
donor. The recipient died on the operating room table and the cause of death was 
said to be an undersized graft and perhaps hyperacute rejection contributing to 
cardiac failure. In 1984, Bailey (17) transplanted a baboon heart into an infant 
(“Baby Fae”) with hypoplastic left heart syndrome under cyclosporine immuno- 
suppression. The graft functioned well for about 2 weeks with subsequent problems 
leading to cardiac failure and death at 20 days postoperatively. The pathology was 
very educational. There was only minimal cellular infiltrate, suggesting that 
cyclosporine had been effective; however, there was evidence of interstitial hemor- 
rhage and coagulative necrosis implying that humoral rejection was predominant. 
This latter finding was confirmed by demonstrating antibody and complement 
deposition on the vasculature (17). 

Realizing the importance of the humoral arm of rejection in xenotransplanta- 
tion, Starlz’s group preformed two liver transplants from baboons to humans between 
June 1992 and January 1993 (16). This was done under immunosuppressive cover- 
age to target both the humoral and cellular arms of the rejection process with 
tacrolimus, steroids, cyclophosphamide and prostaglandin El. One recipient died at 
25 days and the other at day 70, both from infection. Pathology did not show any 
humoral or cellular rejection in either case, but there was evidence of complement 
activation. Starzl concluded that xenotransplantation may be achievable once com- 
plement activation was overcome. 

The next important xenotransplant performed was in 1993 by Makowka (18). A 
porcine liver was used as a bridge to support a young woman with hepatic 
encephalopathy until a liver allograft became available. The graft did function for a 
period of time, but the patient deteriorated, being declared brain dead prior to 
getting allotransplanted. Makowka deduced that the graft failed because of a rapid 
return of xenoreactive natural antibodies against the graft following transfusion of 
the patient with human blood products. This deduction was indirectly confirmed 
by pathology consistent with hyperacute rejection (19). From 1906 to 1992, there 
have been over 40 attempted human solid organ xenotransplants. Though all have 
failed; they all have provided useful information about the xenorejection process 
such as the importance of phylogenetic distance, antibody mediated rejection, and 
the problems with infection secondary to heavy immunosuppression. 
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2.2. Extracorporeal xenograft perfusion 

Because of problems with solid organ xenotransplantation, some have investigated 
extracorporeal perfusion. Extracorporeal perfusion is done outside the body and 
involves passing the recipients blood through the donor organ or through a system 
of tubes which has the donors’ cells lining them. An advantage of being outside the 
body is when the xenograft rejects, another xenograft can more easily be attached. 
Most perfusions have been done with pig livers in patients with hepatic failure and 
improvements were seen in many of the patients “buying them time” until a human 
liver was available for transplantation leading to their survival (20). Kidney perfu- 
sions have also been done, with less success (21). Currently, researchers are looking 
into further development of extracorporeal xenograft perfusions (8,20). 

2.3. Cellular xenotransplants 

There have also been a number of cellular xenotransplants performed particularly 
in the last half of the 1990’s (Table 1). The clinical results from cellular transplan- 
tation are not overwhelmingly encouraging or discouraging but they suggest that 
further studies are needed. A reason that some of the results are not as encourag- 
ing as hoped may simply be methodological issues such as incorrect number of cells 
injected, improper processing of cells for implantation, need for xenogenic growth 
factor injection in addition to cell transplantation, and need for larger sample sizes 
(21). Hopefully, as further studies in cellular xenotransplantation continue, the results 
will be more positive. 

Advantages of the use of xenogenic cellular transplants as opposed to vascular- 
ized whole organ transplants are many. Firstly, as cellular xenotransplants are not 
immediately vascularized, they do not undergo hyperacute rejection though they 
can still undergo acute vascular rejection (22,23). Secondly, cells can be more easily 
manipulated compared to organs. Cells can be encapsulated (24,25) or treated to 
remove certain epitopes, genetically engineered (26-28) to express certain factors 
(e.g. human complement regulatory proteins or anti-apoptotic factors), or injected 
into “immunopriviledged sites” like the brain. These factors help to decrease the 
likelihood of rejection of xenogenic cells as compared to solid organs (8,29). Thirdly, 
cellular transplants are technically easier and physically less demanding on the 



Table 1. Clinical cellular xenotransplantation 



Cell Type Application (reference) 



Bovine chromaffin cells 
Fetal hamster cells 
Fetal porcine dopamine 
neurons 

Fetal porcine GABA neurons 
Fetal porcine islets 
Baboon bone marrow 



Pam relief (146) 

Amyotrophic lateral sclerosis (147) 
Parkinsons disease (148) 

Huntingtons chorea (148) 
Diabetes mellitus (149) 

Advanced HIV (150) 
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patients than a major organ operation. The last theoretical advantage of cellular 
transplants is that they are less likely (than large and solid organs) to be an infec- 
tion hazard because the number of cells (and thus potential infectious agents) trans- 
planted is less than would be transplanted if a solid organ were used (12). This latter 
reason is why the FDA has allowed cellular xenotransplant clinical studies to con- 
tinue while banning any further solid organ xenotransplant studies (12). 

3. CHOICE OF ORGAN DONOR 

Animal species that are evolutionarily closer together would likely be best to trans- 
plant as antigen similarity between the two would hopefully avoid very severe rejec- 
tion. The best animals to choose are the great apes which include chimpanzees and 
gorillas (30) . Many of the early xenotransplants done in humans actually used organs 
from the great apes (such as the chimpanzee heart that was transplanted into “Baby 
Fae”). These nonhuman primate (NHP)-to-human organs did not undergo hyper- 
acute rejection but underwent a less severe form of antibody mediated rejection 
called acute vascular rejection (16,17). 

It would seem that with the recent advances in immunosuppression and genetic 
engineering, primate organs would still be the most suitable. Unfortunately, there 
are many problems with the use of great apes, and in fact any NHP. One reason 
for abandoning the use of NHP is the moral dilemma as to whether it is right to 
breed a higher animal species specifically for the purpose of killing them for human 
transplantation. A second major concern is the potential transmission of zoonoses 
between NHP and humans (12,31-33). In general, the closer two animal species 
are to each other, the more likely that an infectious organism in one will infect the 
other and the more likely that this infection will cause problems. A third reason for 
rejecting NHP as donors is that the numbers of primates that could be bred does 
not come close to the numbers needed, due to long gestation times and small litter 
sizes (8). 

Other species that may be used for xenotransplantation are some of the lower 
mammals. Pigs have been looked at very favorably for many reasons. First, ethical 
concerns are less volatile with pigs since they are slaughtered (over 90 million in 
the United States each year) for food on a daily basis (8). Second, having an unlim- 
ited supply of pig organs and tissues should be obtainable almost immediately 
because of the breeding characteristics of pigs. Sows have large litters (5—12 per 
litter on average), they have short (114 days) and frequent gestational periods, have 
frequent estrous cycles, reach sexual maturity by ~4— 8 months of age and reach 
adult/ transplantable size by about 6 months of age (8). Third, because of these breed- 
ing characteristics, genetic engineering would also be much easier in pigs. Fourth, 
though there is a risk of infection transmission to humans with pigs, this is less of 
a concern than with NHP. Finally, anatomically, pig organs (especially the heart) 
would be of an appropriate size for humans. Pig organs (such as kidneys and heart) 
have been transplanted into baboons and have been able to support the baboons for 
significant periods of time before rejection caused organ failure (8,34,35). At present, 
the pig is felt to be the ideal organ/tissue donor for human xenotransplantation. 
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4. OBSTACLES TO XENOTRANSPLANTATION 

The potential benefits of transplanting pig organs into humans are great, however, 
numerous obstacles remain. The biggest obstacle at present is rejection of the donor 
organ by the recipient. Other obstacles are physiological differences between the 
donor and recipient and the potential spread of infectious agents from the donor 
to recipient and perhaps those in contact with the recipient. 

4.1. Xenograft rejection 

There are two types of xenografts, concordant and discordant (36). Concordant 
xenografts are grafts between phylogenetically close species such as mouse-to-rat or 
chimpanzee-to-human. These combinations undergo a form of rejection termed 
acute vascular rejection/delayed xenograft rejection (AVR) (37). This form of rejec- 
tion develops within a few days of transplantation and induced antibody (usually 
IgG) is important in its development. Discordant grafts, on the other hand, are 
between phylogenetically disparate combinations (such as pig-to-human), where one 
has naturally occurring antibodies, usually of the IgM isotype, against the other. 
These combinations undergo a very' rapid (minutes to hours) form of rejection 
termed hyperacute rejection (HAR) (38-40). If HAR is overcome, discordant grafts 
undergo AVR. 

There are some common features of the rejection process m HAR and AVR 
These include the role of antibodies and endothelial cell activation. 

4.1.1. Xenoantibodies of interest in the pig-to-human combination 

There are a number of porcine endothelial cell (PEC) (41) glycoproteins recognized 
by human antibodies. All of these glycoproteins have not been fully characterized, 
but it is known that they are members of the integrin family (41). The primary 
entity on PEC that is recognized by human xenoantibodies (Xabs) and is the cause 
of hyperacute rejection is the Gal a 1-3 Gal (a Gal) epitope (42-49). 

The anti-a-gal antibody was first discovered around 1983 by Uri Galili who was 
studying mechanisms of destruction of abnormal human red blood cells (RBC) 
(sickle cell, p-thalassemia) (50,51). As was learned later, abnormal red blood cells 
and old senescent red cells are bound by anti-a-gal antibody and can be removed 
from the circulation m this way (50-54). When Galili was first doing his studies, 
he did hemagglutination inhibition experiments using various sugars and found that 
very specific sugars, and thus very specific antibodies were inhibiting hemaggluti- 
nation. He found that anti-a-gal antibody was very important and on quantifying 
the antibody, he found that a very high proportion of antibody, around 1% of cir- 
culating IgG was this anti-a-gal antibody (55). It was quite interesting that there 
was so much antibody of a specific type in humans. Galili subsequently looked at 
other animal species and found that many did not have this antibody but in fact, 
these species expressed the corresponding antigen, sometimes in very high amounts. 
After extensively studying many animal species, Galili determined that all mammals 
including new world monkeys (e.g. spider monkey, owl monkey) express the a-gal 




Xenotransplantation 561 



antigen except for humans, apes (e.g. gorillas, chimpanzees, and orangutans) and old 
world monkeys (e.g. baboons, rhesus, and cynomologous monkeys) (56-60). 
Humans, apes and old world monkeys have naturally occurring antibodies against 
the a-gal antigen. Though all humans have anti-a-gal antibodies, there is variabil- 
ity in titres and cytotoxicity (61,62). Non-mammals (e.g. birds, fish, reptiles) do not 
express the a-gal antigen (60). 

It was felt that anti-a-gal antibodies developed due to exposure of the host to 
certain pathogens. Many studies have been done showing that many bacteria (e.g. 
Escherichia colx) and parasites express the a-gal antigen (63,64). Galili (57) proposed 
that there was an evolutionary force (such as infectious agent) which contained the 
Gal a 1—3 Gal epitope that eventually lead to the inactivation of the al,3 galacto- 
syltransferase (al,3 GT) gene in apes. Old World monkeys and humans, thus pre- 
venting the expression of aGal on these species’ tissues. Indeed, the above animal 
species do have a al,3 GT pseudogene that is nonfunctional due to a frameshift 
mutation (57). This allowed these species to make antibodies to the pathogens to 
help destroy them and protect the host. 

A seminal experiment which first identified the anti-a-gal antibody as the impor- 
tant antibody for pig-to-human xenotransplantation was done by Good et al. (42). 
This group perfused 4 pig hearts and 4 pig kidneys with human plasma and sub- 
sequently eluted the antibodies from the organs. They tested these antibodies against 
various carbohydrate antigens of known specificity and they found the strongest 
reactions to the following antigens: Gal al,3 gal (3 1,4 Glc, Gal al,3 gal pi, 4 
GlcNAc and Gal al,3 gal. An important experiment confirming that a-gal antigen 
was the important antigen was done by Vaughan et al. (65) who demonstrated that 
transfection of COS cells (a galal,3gal negative cell line of old world monkey 
origin) with cDNA for al,3-galactosyltransferase caused de novo expression of a- 
gal antigen and rendered these cells sensitive to human serum mediated cytotoxic- 
ity. In additon, if human serum was adsorbed against the a-gal expressing COS cells, 
then this signficantly decreased toxicity of the serum to porcine endothelial cells. A 
further experiment showing that it was the a-gal antigen that was important was 
done by Collins et al. (46). They found that hearts from new world monkeys 
(express a-Gal antigen) were hyperacutely rejected by old world monkeys (do not 
express a-Gal antigen but have anti-a-gal antibody). 

Over the past 10 years, much has been learned about the a-gal antigen and the 
anti-a-gal antibody. The following summarizes some of the important points. 

1. The anti-a-gal antibody recognizes the galal,3 gal terminal sugar (i.e. gal 
al,3gal; gal al,3gal pl,4Glc-R; gal al,3gal pi, 4 GlcNAc-R (R = glycoprotein 
or glycolipid)). It is very specific for the al,3 linkage (42-49). 

2. Anti-a-gal antibody is present in humans, apes, and old world monkeys. Anti- 
a-Gal antibody is not present in other mammals but instead, these other 
mammals (e.g. pigs) express the a-gal antigen (56-60). 

3. The a-gal antigen is quite heavily expressed. It is estimated that there are 
-10^-10^ a-gal epitopes per porcine endothelial cell (60). Like the A and B blood 
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group antigens on human cells, the a-gal antigen on other mammal’s cells is 
probably involved with functions such as cell signaling, and cell-cell interactions 
(60). 

4. The a-gal antigen is also known to be expressed by human tissues in disease states 
like cancer or autoimmune disease (e.g. Grave’s). (66—68) and in hemolytic dis- 
eases (50). The a-gal antigen is expressed on senesent red blood cells (54,69,70). 

5. Anti-a-Gal antibody is estimated to comprise 4—8% of total IgM (71) and ~1% 
of total IgG in humans (60). The physiologic purpose of anti-a-gal antibody is 
believed to be for protection against pathogens such as gut bacteria and parasites 
(63,64) for protection against cancer (68) and to aid in the identification and 
removal of sensescent or abnormal RBC (54). 

6. The a-gal antigen is variably distributed on pig tissues. McKenzie et al. (72) 
used an a-gal specific biotinylated lectin (BSIB4) and adult pig tissues to deter- 
mine a-gal antigen expression. Endothelial cells in all small vessels such as 
capillaries, arterioles and venules stained uniformly and diffusely. Larger vessels 
like the aorta stained but were less reactive than small vessels. The highest 
concentrations of staining in organs was in liver and kidney. Liver parenchyma 
stained uniformly. The brush borders of the proximal convoluted tubules in 
kidneys stained strongly, the distal convoluted tubules in kidneys stained moder- 
ately and there was no staining of collecting ducts or glomeruli (except for the 
endothelium). Heart muscle was non-reactive although the endothelium on cap- 
illaries and other vessels stained strongly. Lung alveoli and bronchioles stained 
moderately. 

7. The a-gal antigen is very similar in structure to the blood group B antigen (60). 

8. The anti-a-gal antibody (mostly naturally occurring IgM) is felt to be the most 
important antibody leading to HAR in the pig-to-human combination (73). The 
anti-a-gal antibody (mostly induced IgG) as well as other induced anti-pig anti- 
bodies are felt to be important in AVR (73). 

4.1.2. Endothelial cell (EC) activation 

EC cell activation is a very important part of xenograft rejection (74). EC normally 
provide a barrier function and provide an anticoagulant environment. EC activa- 
tion contributes to rejection by causing the loss of these barrier and anticoagulant 
properties (75), and by secreting and expressing various proteins to recruit inflam- 
matory cells. EC can be activated in numerous ways. Human Xab alone deliver 
signals to PEC to induce some, but not all, of the genes associated with full EC 
activation (76). Adding complement and Xab (by adding human serum) onto PEC 
will also lead to up-regulation of genes for EC activation that are not induced by 
Xab alone (76). Nuclear factor kB (NF-kB) is a transcription factor that is essen- 
tial for the up-regulation of a number of genes associated with EC activation (77). 
Human natural killer cells (78) and macrophages (in vitro) (79), can also activate 
and lyse PEC (this effect is augmented by adding IgG) (80). 

Once the EC has been stimulated, there are a number of events that occur. 
The occurrence of these events can be broken down into two phases. Phase I (or 
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type I activation) occurs very early does not require protein synthesis (77) and is 
important in HAR. This phase involves the following: alteration of normal defense 
mechanisms (such as ADPase, regulators of complement activation (RCA), throm- 
bomodulin, tissue factor pathway inhibitor and heparin sulfate); retraction of the 
EC; expression of P-selectin/E-selectin; expression of different inflammatory medi- 
ators (including C3a, C5a, histamine, PAF thrombin and leukotrienes); leukocyte 
recruitment; platelet aggregation; and fibrin deposition (81,82). Phase II (type II EC 
activation) occurs later, requires protein synthesis (77), and is more important in 
AVR. In phase II, there is macrophage and natural killer cell recruitment. There is 
also involvement of tissue factor, lectins, and cytokines (IL-8 and MCP-1) in this 
phase (81,83,84). These two phases of EC activation play a crucial role in xenograft 
rejection. 

4.1.3. Hyperacute rejection 

Hyperacute rejection (HAR) occurs in minutes to hours of transplantation of a 
vascularized solid organ in discordant xenografting. There is binding of natural anti- 
body (mostly IgM, but also some IgG) to endothelial cell antigens and this leads to 
activation of the complement cascade, endothelial cell (EC) activation, and possibly 
EC death (43,44). There are two pathways in the complement cascade, the classi- 
cal and alternate pathways. In the porcine-to-primate combination, HAR appears 
to primarily involve the classical complement pathway (85—87). Activation of the 
EC causes it to undergo numerous changes, which leads to cell injury as well as 
thrombus formation in the graft vasculature causing graft ischemia and ultimate 
organ failure (82,83). Pathologic examination of tissues having undergone HAR 
show deposition of antibody and complement on the graft vasculature as well as 
evidence of interstitial hemorrhage, and intravascular coagulation (88,89). 

Knowledge about the mechanisms of HAR and the importance of Xabs, 
complement, and EC activation have led to many studies investigating methods to 
overcome HAR. Methods have included: depletion or blocking the Xabs, inhibi- 
tion of complement, and EC based strategies. 

Xab depletion can be accomplished via plasmaphoresis, ex vivo perfusion of the 
recipient’s blood through another of the donor’s organs or via immunosuppressive 
drug therapy (85). Xab depletion/blockade is also possible using specific carbohy- 
drate-based immunoadsorptive techniques (90-94). Plasmaphoresis is a method of 
removing antibodies. Unfortunately, it has the undesirable effect of removing other 
proteins nonspecifically as well as antibodies. A more specific removal of just the 
antibodies against the donor organ can be achieved using ex vivo donor organ per- 
fusion. Investigators (95) perfused rhesus monkey blood or plasma through a porcine 
liver and obtained removal of 60-70% of the monkey’s Xab against pig antigens. 
Also, perfusion of a pig kidney with baboon blood demonstrated a decrease in IgM 
by 68% (96). Perfusing recipient blood through a donor organ (e.g. kidney) prior 
to transplanting another of the donor’s organs (e.g. heart) into the recipient does 
increase survival of the transplanted organ; however the initial perfusion through 
the organ (e.g. kidney) causes EC activation of the perfused organ as well as other 
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changes. The activated EC release various mediators into the recipient’s blood, thus 
when the second organ (e.g. heart) is transplanted, the blood perfusing it is already 
“hostile”. A solution to this problem is to use immunoadsorbant columns that can 
pull antibodies out without having the added problems of EC activation. Various 
immunoadsorbants have been shown to be effective in depleting the a-Gal Xab 
levels (97-100). Pascher et al. (98) found that using columns to deplete human 
xenoantibodies increased survival of ex-vivo perfused porcine livers. Levanthal et al. 
(99) and Taniguchi et al. (100) found that using immunoadsorption with splenec- 
tomy and immunosuppressive drug regimens prevented HAR in porcine-to-baboon 
xenografts and pig kidney cells respectively. Manji et al. (101) found that specifi- 
cally depleting the a-gal antibody lead to prolongation of cardiac xenografts in a 
porcine-to-human working heart model. 

Another method of av^oiding hyperacute rejection is to inhibit complement 
(102). There are different methods to do this including: giving an agent that inhibits 
complement such as cobra venom factor (CVF) (103), employing an agent that 
binds complement (sCRl) (104), and through the use of organs from transgenic 
pigs expressing human complement regulatory^ proteins such as human DAF and 
human CD59 (105-107). All of these methods have been shown to prevent HAR, 
however inhibiting complement can cause severe immunosuppression, leading to 
infection. 

Another way of preventing HAR includes EC based strategies. Investigators 
have produced knockout mice in which a-gal expression on EC cells has been 
eliminated and have shown that HAR can be prevented in this model (108,109). 
It has been more difficult to produce a-gal knockout pigs. Recently, 2 groups have 
reported producing live pigs in which one allele of the a-l,3-galalctosyltransferase 
locus was knocked out (110). At this point, studies on the ability of organs from 
these pigs to resist rejection caused by a-gal antibodies have yet to be performed. 
Because of the difficulties in developing the a-gal knockout pig model, investiga- 
tors have also studied the effects of competitive glycosylation by creating transgenic 
pigs which have increased expression of the fucosyl transferase enzyme thereby 
producing more H antigen (blood group O antigens) and thus fewer a-gal antigens 

(111) . Use of these transgenic pigs has shown some benefit but no significantly 
prolonged xenograft survival. 

Modification of EC activation and death has been attempted as another method 
of preventing xenograft rejection. As described earlier, the ubiquitous transcription 
factor NF-kB is felt to be central in activating the genes involved in EC activation 

(112) . It has been found that the agent pyrrolidine dithiocarbamate (PDTC) inhibits 
NF-kB activation and inhibits E-selectin, IL-8 and tissue factor expression (77,113). 
Another method of inhibiting NFkB is to over-express iKBa (a natural inhibitor of 
NFkB) in the cytoplasm (114). The use of a recombinant iKBa adenoviral vector 
to transduce PEC suppressed the transcription of various EC activated genes (113). 
These methods have been tried in xenotransplantation with limited success. 

Another method of addressing the EC in xenograft rejection is to focus more 
peripherally on the adhesion molecules. The use of NPC 15669 — a drug which 
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inhibits neutrophil adhesion to the EC of the donor has been used combined with 
complement inhibition in small animal models of discordant heart transplantation 
with prolonged xenograft survival (115). P-selectin is an important adhesion mol- 
ecule for platelets and neutrophils, and experiments using antibodies against P- 
selectin as well as a PAF antagonist, led to prolonged xenograft survival in a rat 
model (116). Investigators have also used monoclonal antibodies against porcine 
VCAM to address the EC issue in xenograft rejection. 

Directly addressing the issues of thrombosis may help prevent the consequences 
of EC activation. The use of GPI 562 (a gpIIb/IIIa antagonist) has been used to 
inhibit platelet aggregation with some results (117); and 5D2 MTH 958 (a throm- 
bin inhibitor) has been used in an isolated perfused heart model (118). 

An alternative method of dealing with EC death (apoptosis) is in regards to the 
alteration of expression of various genes for endothelial cell survival. There are genes 
which if expressed by the EC are “apoptotic” and these include Bad, Bax, and BcL- 
Xs (119). There are also genes, which if expressed are “protective” or “anti-apop- 
totic” and these include A20, Bel, Bc1-Xl and hemoxygenase (119). All of the above 
endothelial cell strategies have potential but more research is needed. 

4.1.4. Acute vascular rejection 

Once HAR (rejection within minutes to hours) has been prevented, discordant 
xenografts are subject over the subsequent days to weeks to the next phase of the 
rejection process termed acute vascular rejection (AVR) by Platt (120) or delayed 
xenograft rejection by Bach (121). AVR is characterized by intravascular coagu- 
lation, endothelial thickening, ischemia, and interstitial inflammation. It can be 
observed in concordant xenografts which do not undergo HAR. This phase of 
rejection is initiated by xenoantibody binding to signal molecules on EC leading to 
activation (26). Complement is generally thought not to be involved in AVR as in 
most cases the assembly of terminal complement components is inhibited by ther- 
apies that prevent HAR (26). Other mechanisms may be important as well, includ- 
ing the elaboration of tissue factor by macrophages, cytotoxcity and activation of 
EC by natural killer cells, activation of EC and oxidant mediated injury by neu- 
trophils, secretion of vasoactive factors by platelets and thrombomodulin incompat- 
ibility with recipient proteins due to molecular incompatibility (26). 

Methods to prevent AVR are similar to those dealing with HAR. Since xenoan- 
tibodies trigger AVR, methods that deal with altering the interaction of the anti- 
body with the organ by removing the antibodies or preventing their synthesis (ex. 
immunoadsorption, and immune suppression by splenectomy and immunosuppres- 
sive therapy) (122,123) or altering the a-gal antigen on EC (124) may be benefi- 
cial. Inducing immunological tolerance would also be beneficial. Tolerance 
induction involves teaching the recipient’s immune system that the donor’s antigens 
are self antigens. If this can be done, the organ can be transplanted without the 
need for any immunosuppression (125,126). Sykes and colleagues in Boston are 
showing that suppressing the synthesis of antibodies via specific immunological tol- 
erance induced by mixed chimerism is a promising approach (127,128). Also, like 
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HAR, developing lines of pigs that are low or non-expressers of a-gal could also 
be helpful. 

Another approach being investigated is inducing accommodation. Accommoda- 
tion is the ability of a vascularized xenograft to avoid humoral rejection in the face 
of normal circulating anti-graft antibodies and normal levels of complement. 
Evidence for the occurrence of accommodation of xenografts was initially based on 
anecdotal observations of studies in primate models (119). Accommodation has been 
seen in hamster hearts transplanted into rats and in pig-to-NHP transplants (77). 
Accommodation was also seen by Alexandre (129), who demonstrated that 
reduction of anti-AB blood group antibodies before renal allotransplantation and 
maintenance of decreased antibody levels for several days after grafting, prevented 
rejection by humoral mechanisms once antibody levels returned to normal. The 
mechanisms of accommodation may involve a change in antibody repertoire (to 
non-complement binding antibodies), change in antigen, or acquired resistance to 
EC injury by the expression of anti-apoptotic genes and may be induced in 
situations in which anti-donor antibodies have been removed and then allowed to 
return or where antibody mediated rejection is temporarily prevented (such as by 
complement inhibition) (26,130). 

4.1.5. Cellular rejection 

Cellular rejection may be seen in solid organ xenografts if HAR and AVR are pre- 
vented and is the first type of rejection seen in cellular and tissue xenografts (26). 
T-cell dependent immunity to xenografts varies strongly according to the type of 
graft (i.e. cellular versus vascularized). Destruction of the vascular endothelium 
by HAR and AVR may prevent study of a later cellular response. In pig-to-primate 
xenotransplantation, CD4^ and CD8^ T-lymphocytes can recognize pig antigens and 
do not require antigen-presenting cells. CD4^ cells seem to have a critical role and 
methods of preventing cellular rejection will have to deal with this cell population. 
Natural killer cells may also be involved (131). 

Approaches to preventing cellular rejection include the use of immunosuppres- 
sive drugs to modulate T-cells and natural killer cells and the induction of tolerance 
though the generation of mixed chimerism, transplantation of donor thymus, or 
manipulating mature T-cells through the generation of microchimerism so that 
xenoreactive cells are eliminated (131). 

4.2. Physiologic concerns 

While investigations have generally focused on the prevention of xenograft rejec- 
tion, recent interest has developed in the question of whether pig xenografts will 
be able to physiologically replace the function of human organs. The answer to this 
question may depend on the organ. Humans are a species that stands upright and 
are generally active. The human heart is designed for an active lifestyle and to func- 
tion for an upright posture (there are different pressure loads put upon the heart 
depending on posture). The pig has a horizontal posture and most pigs are quite 
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sedentary. For all of these reasons, there are concerns that pig hearts will not be 
able to work in humans (132-134). Pigs which will be used for transplantation wiU 
likely have to have a very refined diet and may need to be exercised fairly aggres- 
sively and regularly (8). The above maneuvers will stiU not solve the posture issues. 
For this reason some investigators have been looking at the kangaroo as a potential 
donor (8). This may prove to be an important source; however for the time being 
because of expense, number, breeding issues, and other factors, the pig is stiU felt to 
be the animal to concentrate on. 

There are other major concerns related to the differences in physiology between 
pigs and humans (8,30,132,133). Some of these differences are subtle but may 
become important. They include electrolyte and body temperature differences. It is 
known that enzymes are very sensitive to temperature changes. Whether enzymes 
in pig organs will work as efficiently in a human body is not known. Certain 
hormones (such as growth hormone) are very species specific and it is unlikely 
that pig organs wiU respond properly to some of these hormones (8). It is possible 
that humans may need to be injected with certain pig hormones for the pig organs 
to respond appropriately. This may be problematic if humans subsequently produce 
antibodies to these injected proteins. This hopefully will not be a problem as the 
humans will likely be immunosuppressed. 

Just as pig organs may not respond to human proteins (such as hormones or 
growth factors), the proteins made by certain pig organs such as the liver may not 
function appropriately in a human. The liver is a very important biosynthetic 
organ making, among others, coagulation proteins, albumin (to which many other 
substances attach for transport purposes), and complement proteins. Studies (8) have 
shown that porcine albumin is quite different from human albumin and this may 
cause problems with other substances being able to bind to the albumin for trans- 
port. Another problem may be pig complement. One of the ways that an organ- 
ism protects itself against its own complement proteins is via complement regulatory 
proteins (CRP) which are present on endothelium. Indeed, researchers have 
used the species-specific knowledge about CRP to successfully make transgenic pigs 
which express human CRP to prevent hyperacute rejection caused by perfusion of 
human blood (135). Pig livers wiU produce pig complement which may attack 
normal human tissue as normal human tissue will not express pig CRP (132). 

Despite these concerns, recent studies have suggested that pig kidneys can 
maintain relatively normal fluid and electrolyte levels in NHP (136), porcine hearts 
orthotopicaUy transplanted into baboons can keep them alive (137), pig lungs can 
perform normal gas exchange in baboons for a short time (138), and pig livers have 
been used as a extracorporeal device in humans for a limited time (139). Thus phys- 
iology issues will have to be kept in mind but should not deter from further research 
into pig-to-human xenotransplantation. 

4.3. Xenozoonoses 

A potential disadvantage of xenotransplantation that has garnered much publicity 
recently, is the possibility of infection transfer from animal organ to the human 
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recipient and then possibly to contacts of the recipient. Researchers (140) have 
found that a porcine cell line having the ubiquitous porcine endogenous retrovirus 
(PERV) can infect human cell lines in the lab under certain simulated conditions. 
This is a concern; however, there have been no consequences documented from 
this infection. Researchers have also tested the blood of patients exposed to pig 
xenografts via PCR and have found no evidence of PERV infection (141). Many 
researchers feel that xenogenic infection will probably not be a major problem for 
reasons which include the following: firstly, infection spread is usually species- 
specific and as a result it is less likely that pig infectious agents will easily infect humans 
and cause problems; secondly, facilities used for breeding pigs will be highly regulated 
and controlled and only “clean” pigs will be bred thus making baseline infection in 
the pigs less likely; in fact, inbreeding of transgenic pigs in Boston has shown that 
some of the pigs have less or no PERV in their genetic makeup; and thirdly humans 
have used pig products for many years (pig heart valves, porcine insulin, pig meat) 
without serious problems thus if there was something very serious, it probably would 
have manifested by now (12,141,142). Even if PERV does lead to infection in a 
human recipient, it is hypothesized that the problem caused will likely be a lym- 
phoma-like illness which has a probable chance of being cured by current protocols 
(12,143). Because all infection issues are still not well known, regulatory agencies have 
been formed to make some basic rules that xeno-researchers would have to comply 
with before trying human clinical trials (12). Currently, solid organ clinical trials are 
banned by the FDA but cellular transplant clinical trials are ongoing. 

5. THE FUTURE OF CLINICAL XENOTRANSPLANTATION 

Considerable progress has been made in the quest to alleviate the critical organ 
shortage crisis through the use of xenogenic organs. Our group has been studying 
human ABO blood groups in porcine-to-human xenotransplantation using an ex- 
vivo porcine working heart model (144,145). Human ABO matching is important 
in human allotransplantation yet its importance in xenotranplantation has not been 
fully explored. The similarity of the a-gal antigen and the blood group A and B 
antigens would suggest a blood group dependence. Indeed we have found that the 
survival of porcine working hearts is severely shortened by perfusion with human 
blood group A and O plasma compared to blood group B, which gives survival 
times comparable to porcine controls. Blood group AB fell between the two 
extremes. While much of the focus in xenotransplantation research to date has been 
on finding the ideal donor, our studies show that there are characteristics of recip- 
ients such as blood group that need to be investigated. This may help the develop- 
ment of transplantation protocols uniquely suited to each recipient. 

Clinical trials of cellular and tissue xenografts and extracorporeal animal organs 
are currently underway in a limited capacity and these techniques will likely be the 
first to come into mainstream use. Subsequently, xenografted organs will likely be 
used as a bridge to allotransplantation before being used as full blown replacements 
for human organs. There is much progress that has been made, but still much to 
do. With perseverance and good science, solutions are likely to be found. 
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Summary. Left ventricular dysfunction may be the result of reversible or irreversible myocar- 
dial injury. Because there is significant difference in prognosis and clinical management for 
patients with damaged but viable myocardium and for those with nonviable myocardium, 
distinguishing the status of the myocardium has significant clinical relevance. One avenue that 
has been explored is magnetic resonance (MR) imaging in conjunction with MR contrast 
agents. However, there are conflicting reports on the accuracy of the common MR tech- 
niques, Tl- and T2^-weighted imaging, as indicators of myocardial viability. To improve the 
reliability, we have developed a new MR imaging method, interleaved Tl-T2^ imaging. This 
new approach monitors both Tl and T2^ signal intensities simultaneously during the first 
pass of an MR contrast agent. The interleaved Tl-T2^ imaging separates viable from non- 
viable myocardium based on the contrast-induced changes in Tl and T2'*' signals, which is 
related to the integrity of the ceU membrane. Using isolated pig hearts we have found that 
the signal-time courses of the interleaved-Tl-T2* images obtained from normal myocardium 
are significantly different from those obtained from infarct rim and infarct core. The results 
of this study suggest that the integrity of cell membrane can be reliably assessed using the 
interleaved Tl-T2^ imaging in conjunction with an MR contrast agent. Moreover, use of 
the new MR approach differentiates viable from nonviable myocardial viability. 

Key words: Myocardial infarction, magnetic resonance imaging, contrast reagent, pig heart. 
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INTRODUCTION 

After a heart attack it is important to determine whether myocardium is viable or 
not because patient management, therapy, and prognosis are different for patients 
with injured but living heart muscle and for those with irreversibly injured muscle 
(1). Patients whose heart muscle is still alive, but dysfunctional following a heart 
attack are expected to benefit from heart surgery' or a balloon procedure to open 
up the narrowed coronary artery^ (2,3). These procedures will not lead to any 
improvement of heart function in patients with dead heart muscle. Accurate assess- 
ment of heart damage is one of the major challenges in contemporary cardiology. 
Therefore, it is clinically significant to establish methods that can reliably differen- 
tiate injured but alive heart muscle from dead heart muscle. 

Electrocardiography (ECG), echocardiography, contrast ventriculography, single 
photon emission computed tomography (SPECT), and positron emission tomogra- 
phy (PET) have all been used for post-infarction assessment of myocardial injury 
(4-9). The former three techniques listed above provide indirect information about 
myocardial injury. They do not provide accurate information on the size and sever- 
ity of tissue damage. Viable and non-viable myocardium cannot be differentiated 
when these two types of tissue are mixed in a small region of tissue. SPECT and 
PET have been established as standard methods for assessing regional myocardial 
perfusion and viability. However, these modalities involve the use of radioactive 
tracers and do not have very high spatial resolution (4-9). 

Magnetic resonance (MR) imaging and spectroscopy have the potential to 
become important approaches for distinguishing viable from non-viable myocardium 
(10,11). For example, the loss of cell membrane integrity in infarcted myocardium 
results in an increase in the distribution volume of MR contrast agent, leading to 
a greater increase in MR signal intensity in non-viable myocardium than in viable 
myocardium (12,13). In addition, irreversible injury-associated depletion of energy 
metabolites can be readily monitored using phosphorus-31 (^’P) MR spectroscopy 
(14—16). Akinesia of infarcted myocardium can be visualized using fast MR imaging 
(17—19). More recently, necrosis-specific (such as Gadophrin-2) and live cell- 
specific contrast agents (such as manganese-based contrast agent) have also been 
used for assessment of myocardial viability (20-25). Evaluation of myocardial ionic 
homeostasis may be another avenue for evaluating tissue injury (26). At present, 
however, these MR modalities are not routinely used in clinic. 

It has been shown that T1 -weighted MR imaging is more sensitive to the regional 
concentration of MR contrast agent while T2"*^-weighted imaging is more sensitive 
to the homogeneity of contrast distribution (27-29). An increase in regional con- 
trast concentration due to loss of cell membrane intensity or expansion of the inter- 
stitial space (tissue edema) leads to enhancement ofTl signal intensities (12,13,30). 
As such, an increase in T1 signal intensity may not necessarily indicate myocardial 
infarction. It has been shown thatTl imaging overestimates the amount of infarcted 
myocardium (30). On the other hand, the susceptibility effect of an MR contrast 
agent depends on the homogeneity of contrast distribution as well as its regional 
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concentration. Loss of cell membrane integrity in infarcted myocardium, increases 
the regional concentration of the contrast agent, resulting in a change in T2^ signal 
intensity. On the other hand, loss of cell membrane integrity also makes the distri- 
bution of the contrast agent more homogeneous, which may reduce the T2'*^ effect 
of a contrast agent. Therefore, the use of T2'*^-weighted imaging alone may not be 
sufficient to assess myocardial viability. We believe that regional concentration and 
distribution of contrast agent may be more reliably assessed by simultaneous mon- 
itoring the contrast-induced changes in T1 and T2"^ signal intensities. We propose 
that the combination of Tl- and T2^-weighted imaging may provide an effective 
MR method for the assessment of myocardial injury. 

The present study was designed to determine whether myocardial viability can be 
assessed by simultaneous monitoring ofTl-T2'*^ signal intensities during the first 
passage of a MR contrast agent. We found that infarcted myocardium in isolated pig 
hearts was accurately detected by use of our interleaved Tl-T2'*^ imaging sequence. 

METHODS AND MATERIALS 
Isolated pig heart preparation 

All animals used in this project received humane care in compliance with the “Guide 
to the Care and Use of Experimental Animals” formulated by the Canadian Council 
on Animal Care. The protocols used in this study were approved by the Animal 
Care Committee of the National Research Council of Canada. 

Domestic pigs weighing 45-50 kg were sedated with an intramuscular injection 
of atropine (0.5 mg/kg body wt), diazepam (0.4 mg/kg body wt) and ketamine 
(20 mg/kg body wt). Anesthesia was maintained with 1 .5-2.0% isoflurane in a mixture 
of oxygen and medical air. The rate and volume of positive pressure ventilation 
were adjusted to keep the arterial blood gases within the normal physiological range. 
The brachiocephalic artery was cannulated at the level of the common carotid artery 
for arterial pressure monitoring, blood sampling, and injection of cardioplegic solution. 

A sternotomy was performed and the brachiocephalic and subclavian arteries were 
dissected. A cannula for the infusion of cardioplegic solution was placed in the 
ascending aorta from the brachiocephalic artery. The pericardium was opened lon- 
gitudinally along the midline. The descending aorta was isolated at its origin for 
cross-clamping. The animals were then heparinized by the injection of heparin 
(3000 I.U.) into the right atrium. Heparinized cold (~4°C) cardioplegic solution 
was delivered into the aortic root (10 ml/kg body wt) to arrest the heart. The heart 
was then excised from the animal. Pig blood in the chest was collected and mixed 
in 1 : 1 ratio with Krebs-Henseleit (K-H) solution. The mixture was oxygenated 
with 95% O 2 and 5% CO 2 to a final pH and oxygen partial pressure of 7.41 ± 
0.02 pH units and 530 ± 35mmHg, respectively. 

Protocol 

After removal from the animal, the pig heart was mounted on a Langendorff 
apparatus through the aorta. A hydraulic occluder was placed at the origin of the 
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anterior descending artery (LAD). After 30 minutes of control perfusion, the LAD 
of the pig heart was occluded for 2 hours to create a myocardial infarct, followed 
by 50 minutes of reperfusion. During control perfusion, LAD occlusion, and reper- 
fusion periods, myocardial energy metabolism in the myocardium supported by the 
LAD (LAD myocardium) was continuously assessed using ^'P MR spectroscopy. 
After reperfusion, the heart was then arrested with a hyperkalemic mixture of pig 
blood and K-H solution containing 16mmol/L KCl and 16mmol/L MgCL. The 
pig heart was perfused with this mixture throughout MRI studies to prevent arti- 
facts of cardiac motion onT2’*' images. The hearts were kept at 37 ± 0.5°C through- 
out protocol. 

T1 andT2'^ relaxation times were first measured without contrast agent to obtain 
their control values. To determine whether simultaneous monitoring of contrast- 
enhanced T1 and T2* signal intensities helps assess myocardial viability, one milli- 
liter of an extracellular MR contrast agent (Gadolinium-diethyl triamine pentaacetic 
acid, Gd-DTPA) was injected as a bolus into the perfusion line at a total coronary 
flow rate of 300ml/min. The first passage of the contrast agent through the hearts 
was monitored using an interleaved T1-T2'*’ imaging sequence (described below). 
Perfusion medium containing the contrast agent was discarded and not allowed to 
return to the perfusion system. Once the contrast agent was completely washed 
from the heart, a second injection of the same amount of contrast agent was per- 
formed at a total coronary flow of 150ml/min. The second injection of contrast 
agent at the different coronary flow was to determine whether the efficacy of simul- 
taneous T1 and T2"^ for assessment of myocardial injury depends on blood flow. 
Likewise, the first passage of the second injection of contrast agent was followed 
using the interleaved Tl-T2'*^ imaging sequence. Unlike the first injection of con- 
trast agent, the second one was allowed to re-circulate into the perfusion apparatus. 
Once the contrast agent reached a steady state, myocardial T1 and T2"^ relaxation 
times were measured. 

At the end of the MRI studies, the heart was removed from the magnet and 
perfused at a flow rate of 300ml/min. Colored microspheres were injected into 
the perfusion line to assess regional myocardial blood flow. The heart was then 
disconnected from the Langendorff system and sectioned for triphenyl tetrazolium 
chloride (TTC) staining and microsphere analysis. TTC stained sections were 
used as references for analysis of the MR images and selecting regions of interest 
as well as to identify regions for analysis of regional blood flow. The heart was 
sectioned according to a T1 scout image (long cardiac axis) to ensure correlation 
with the MR images. 

MR spectroscopy 

^^P MR spectroscopy was performed in a 7 Tesla, 40-cm diameter, horizontal bore 
magnet equipped with a Bruker Spectrometer (Bruker Inc, Karlsruhe, Germany). 
A 1.5-cm diameter surface coil was positioned over the LAD region of the 
myocardium. Free induction decay (FID) signals were acquired with single hard 
pulses. The pulse length and repetition time were 75|U.sec and 2.0 seconds, respec- 
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lively. Sixty FID signals were accumulated for each spectrum. Thus, each spec- 
trum was averaged over a 2-minute sample period. The observed phosphorus com- 
pounds included Pi, PCr, and three peaks of ATP. The areas under each phosphorus 
peak were used to assess the metabolite levels. 

Magnetic resonance imaging 

MR imaging was performed in the magnet mentioned above using a dual-ring 
Helmholtz coil. Simultaneous monitoring of T1 and T2'*^ signal intensities was per- 
formed using an interleaved Tl-T2^ imaging sequence. The sequence consists of 
one gauss-shaped 90° pulse (3.1ms) followed by read and phase spoiler gradients to 
eliminate residual magnetization from the T2'*'-weighted imaging portion of the 
sequence. A 1.5-sec delay was inserted to allow magnetization to relax back and 
then followed by a sech-shaped 180° pulse (13 ms) to invert the magnetization, after 
which spoiler gradients were applied in all three directions. To acquire both T1 and 
T2^ images in a single set of scans a dynamically variable echo time was set to 
4.2 ms for T1 and 15 ms for T2^-weighted imaging with repetition times of 6.75 
and 18.15 ms, respectively. The preparation portion of the sequence consisting of 
the 90° pulse and spoiler gradients lasted 1524ms. Each Tl-weighted image was 
acquired in approximately 864 ms, T2^-weighted images were acquired in 2324 ms. 
The sequence was repeated 50 times for a total of 100 images over 235 seconds. 

To measure T1 relaxation times, 14 images were acquired using a TurboFLASH 
sequence with 14 inversion recovery intervals (10, 50, 100, 200, 400, 800, 1000, 
1400, 1800, 2200, 3000, 4000, 6000, and 10,000 ms) in a total of 152 seconds. The 
signal intensities of these images were then fitted using the following function: 



SI = A[l-2 exp(-(r - ^)/T1)] 



Where SI is signal intensity, A is initial signal intensity (at time zero), t is the inver- 
sion recovery interval, and q is the time shift between the calculated T1 (inversion 
recovery) and preset Tl. 

To measure T 2 ^ relaxation time, 4 MR images were acquired over 256 seconds 
using a FLASH sequence with different echo times (4.6, 12, 20, and 25ms). T2'*' 
relaxation times were then calculated by fitting image intensities with the function: 



SI = A[exp(-r/T2^)] 



Where t is echo time, SI is signal intensity, and A is signal intensity at time zero. 

All imaging (Tl-T2'*^, Tl, T2^) was performed with a slice thickness of 3mm, 
FOV set at 12 X 12 cm, with a matrix size of 128 X 128 pixels. To minimize imaging 
time, only one slice was observed for each heart. However, to that the slice con- 
tained a sizable infarct several slices were observed prior to injection of contrast 
agent. 
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Colored microsphere and TTC staining procedure 

At the end of each experiment, approximately 5 X !(/’ to 8 x 10^ non-radioactive 
red colored microspheres (15 ± 1.9 mm diameter, suspended in 2 ml of saline solu- 
tion) were injected through the aorta via the perfusion line to measure regional 
myocardial blood flow Arterial reference samples were withdrawn simultaneously 
from the ascending aorta at a constant rate of 5ml/min for five minutes, starting 
one minute before the injection of microspheres. The heart was then removed and 
sectioned. Alternating sections were used for TTC staining with the opposing side 
used for analysis of the colored microspheres. A proper spatial correlation to MR 
images was ensured by using the T1 -weighted, long axis, scout image as a reference. 
Sections used for microsphere analysis were divided into 6 pie-shaped regions and 
tissue was collected from the endocardium, midmyocardium, and epicardium. These 
sample regions were correlated to TTC-stained regions in the matched, opposing 
sections. The average weight of each sample was approximately 0.5 g. 

After collection, tissue and blood samples were digested. The numbers of micros- 
pheres in the samples were counted using a spectrophotometer at a wavelength of 
536 nm. Actual blood flow was obtained based on calculation of the microsphere 
count in the tissue and blood samples and the speed of blood collection. 

Data analysis 

Image data were processed using Marevisi and Evident 5.2 (NRC — Institute for 
Biodiagnostics, Winnipeg, Canada). Marevisi was used to determine T1 and T2"^ 
relaxation times using the fitting functions described previously. Round, hand-drawn 
regions of interest (ROI) were created by correlating the MR images to the TTC 
stained pictures. The sizes of the regions selected varied between hearts due to the 
variability in both heart size and size of infarction. However, the regions selected 
were approximately 4()0 pixels for normal, 300 pixels for reperfused, and 200 pixels 
for low-reflow infarct ROIs, while the total heart covered approximately 3500 pixels. 

Statistical analyses were performed using Statistica (StatSoft Inc, Tulsa, Oklahoma, 
USA). One-way analysis of variance (ANOVA) with a Tukey’s Honest Significant 
Difference test was used to compare Ri (1/Tl) and R 2 ^ (1/T2'^) relaxation rates, 
percentage recovery of T2"^ at maximum T1 signal intensity, and regional blood flow 
between normal, reperfused infarcted, and low-flow infarcted myocardium. A 
significant difference was said to exist at a probability value of less than 0.05. 

RESULTS 

A representative heart section (TTC-stained, short axis) is shown in Figure 1. The 
heterogeneity in myocardial injury after 2 hours of occlusion of the LAD was quite 
clear. Apart from the stained viable tissue, there were regions of the myocardium 
that remained completely unstained (midmyocardium in the LAD region), which 
suggests myocardial infarction. Several hearts also showed regions in the subepi- 
cardium that contained TTC-stained and TTC-unstained tissue, indicating the 
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Figure 1. A representative TTC-stained section of a pig heart taken along the short cardiac axis. 

Red stained, lightly stained, and unstained regions identify normal, low-reflow infarcted, and reper- 
fused infarcted myocardium, respectively. The subepicardium in the LAD region contained stained and 
unstained myocardium and is termed “mixed myocardium”. 





Rtperhqscd infarctedl myocarJtum 



Figure 2. Tissue sections of a pig heart taken from the lightly TTC-stained areas (low-reflow 
infarcted myocardium, panel A) and TTC-unstained areas (reperfused infarcted myocardium, panel B). 
The tissue section sampled from the low-reflow infarcted myocardium shows sludging of red blood 
cells in the capillaries. 
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co-existence of viable and non-viable myocardium so-called “mixed region” (4 out 
of 8 hearts). Lastly, there were regions of lightly stained tissue (subendocardium in 
the LAD region). 

The results obtained with colored microspheres show that regional blood flow 
in regions that remained unstained or were lightly stained with TTC was 1.20 ± 
0.29ml/g/min and 0.123 ± 0.19ml/g/min, respectively. Histological sections of the 
pig hearts displayed severe blood cell sludging in the capillaries in the lightly stained 
myocardium (Figure 2). We believe that obstruction of the capillaries by red blood 
cells contributed to the severe reduction of blood flow in the lightly stained 
myocardium. The unstained and lightly stained myocardium are therefore designated 
as reperfused and low-reflow infarct, respectively. The non-LAD region, which 
stained brick red, is termed normal myocardium. 

The average Ri and R 2 ^ relaxation rates measured during equilibration of Gd- 
DTPA are shown in the top and bottom panels of Figure 3, respectively. Mean 
Ri values were 17 ± 1.59 x 21.2 ± 2.05 X Ur-^ms"', and 11.8 ± 2.08 x 

10“^ms“' for normal, reperfused, and low-reflow infarct myocardium, respectively. 
Since not all hearts displayed a mixed region, Ri and R^* relaxation rates for this 
area were not analyzed systematically. It is clear that the Ri relaxation rate of normal 
myocardium is not significantly different from those of the reperfused infarcted 
myocardium and low-reflow infarcted myocardium, suggesting that contrast- 
enhanced T1 imaging may not be able to differentiate viable from non-viable 
myocardium. 

Average R 2 ^ relaxation rates measured during equilibration of Gd-DTPA from 
normal, reperfused infarcted, and low-reflow infarcted myocardium were 7.23 ± 0.73 
X 10“^ms“\ 4.06 ± 0.25 X 10““ms”', and 4.36 ± 0.37 x Ur“ms~\ respectively. The 
average R 2 ~^ relaxation rates in the reperfused infarcted and low-reflow infarcted 
myocardium were significantly shorter than that of normal myocardium. The 
difference in R 2 * between the reperfused infarcted and low-reflow infarcted 
myocardium was not statistically significant. 

Representative signal-time courses of interleaved Tl-T2'^ images are shown in 
Figure 4. The four regions of the myocardium exhibited very distinct temporal 
relationships between T1 and T2'*^ signal intensities. It is apparent that T2~^ signal 
intensity at the maximum T1 signal intensity was very different in the four types 
of tissue (normal, reperfused infarct, low-reflow infarct, and mixed myocardium). 
Figure 5 shows that low-reflow infarcted myocardium exhibited the greatest 
percentage recovery of T 2 ^ signal (93% of its initial value), followed by reper- 
fused infarcted myocardium (71.3%) and mixed myocardium (38.3%). Normal 
myocardium displayed the least recovery of T2^ signal intensity at maximum T 1 
signal (19.3%). This suggests that simultaneous monitoring of T1 and T2"^ signal 
intensities during the first passage of Gd-DTPA can differentiate viable from non- 
viable myocardium. 

Figure 6 shows representative T1 maps obtained without (A) and with Gd-DTPA 
(B), a map ofT2'*' percentage recovery (C), and a section of heart (D). The map of 
percentage T2^ recovery was constructed using the interleaved T1—T2* signal-time 
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Figure 3. Contrast-enhanced Ri (1/Tl, top panel) and R 2 ^ (1/T2*, bottom panel) relaxation rates 
measured in normal, reperfused infarcted, and low-reflow infarcted myocardium. During equilibration 
of Gd-DTPA, the R, relaxation rate in normal myocardium was not significantly different from those 
in reperfused infarcted and low-reflow infarcted myocardium. The R 2 ^ relaxation rate in normal 
myocardium was significantly longer than those in the reperfused infarcted and low-reflow infarcted 
myocardium. 
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Figure 4. Representative signal-time courses of interleaved T1-T2* images reconstructed from 
normal, mixed, reperfused infarcted, and low-reflow infarcted regions of myocardium. The arrows 
indicate percentage recovery ofT2* signal intensity' whenTl signal intensity’ reached its maximum 
level. 



courses. Bright areas on the map have a larger percentage of recovery relative 
to the dark areas. It is clear that neither of the T1 maps, obtained with or without 
the contrast agent, provides a clear delineation of infarcted myocardium. The map 
showing the percentage T2'*' recovery correlates best with the TTC stained photo- 
graph. This further indicates that simultaneous monitoring of contrast-enhanced T1 
and T2"^ intensities helps differentiate non-viable from viable myocardium. 

Figure 7 shows representative signal-time courses of interleaved Tl-T2^ images 
obtained from a pig heart at total coronary flows of 300ml/min and 150ml/min. 
Variation in total coronary flow did not alter the percentage recovery ofT2^ at 
maximum T1 intensity during the first passage of Gd-DTPA. Significant differences 
in percentage T2^ recovery betw^een normal and reperfused infarcted myocardium 
were observed at both flow rates (Figure 8). Maps of percentage T2* recovery 
obtained at the two coronary flows and the corresponding sections of the same 
heart are shown in Figure 9. Both maps clearly delineate infarcted myocardium, 
suggesting that the efficacy of the interleaved Tl-T2^ imaging sequence is not 
affected by regional blood flow. 
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Figure 5. Percentage of T2'*^ recovery at the maximum T1 signal intensity obtained from normal, 
mixed, reperfused infarcted, and low-reflow infarcted myocardium. Myocardial viability is closely 
related to the percentage recovery ofT2*. 



The time courses of PCr and Pi measured in the LAD supported region of the 
heart during control perfusion, LAD occlusion, and reperfusion are shown in Figure 
10. As expected, occlusion of the LAD resulted in a rapid decrease in PCr with a 
corresponding increase in Pi. After one hour of occlusion, PCr was almost unde- 
tectable. Reperfusion did not result in any significant recovery of the PCr level, but 
it did wash out some Pi. This demonstrates that the areas of myocardium in the 
LAD region that had remained unstained or lightly stained by TTC had been irre- 
versibly damaged. 

DISCUSSIONS 

The ability to differentiate viable from nonviable myocardium has important 
clinical implications for patient management and prognosis because patients with 
different degrees of myocardial injury may require different therapeutic management 
and may have different prognosis (1-3). Thus, methods that can accurately assess 
myocardial viability and further quantify the extent of infarcted tissue are still needed 
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Figure 6. Panels A and B show T1 and T2'*' maps acquired during equilibration ot Gd-DTPA. A 
map of percentage T2* recovers' and a TTOstamed section ol the same heart are shown in panels C 
and D, respectively. 



clinically. The present study shows that simultaneous monitoring of T1 and T2^ 
signal intensities during the first passage of Gd-DTPA can differentiate viable from 
non-viable myocardium. 

We observed that a 2-hour period of occlusion of the LAD resulted in hetero- 
geneous myocardial injury in the mid-myocardium (no staining with TTC) and 
subendocardium (lightly staining with TTC). Analysis ot the distribution of colored 
microspheres showed regional blood flow to be significantly higher in the mid- 
myocardium than in the subendocardium. Reduced nicotinamide adenine dinu- 
cleotide (NADH) was washed from the mid-myocardium, TTC was therefore not 
reduced to a brick red precipitate and as a result, the section of myocardium 
remained unstained. In addition, we found that the subendocardium in the LAD 
region was lightly stained by TTC. We believe that the staining was due to incom- 
plete washout of NADH resulting from obstructed capillaries. As demonstrated by 
localized spectroscopy, this region of the myocardium was also irreversibly 
injured. Therefore, light TTC-staining in the subendocardium is not an indication 
of viable myocardium but a sign of more severe damage. 

It has been shown that Gd-DTPA-enhanced Ri relaxation rates depend mainly 
on the regional concentration of contrast agent, not its distribution (28,31). This is 
because protons exchange very rapidly between the intravascular, interstitial, and 
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Figure 7. Representative signal-time courses of interleaved T1-T2* images acquired from normal 
and infarcted myocardium at flow rates of 300 ml/min and 150 ml/min. 



intracellular spaces (32,33). In irreversible injury, the loss of cell membrane integrity 
increases the space accessible to Gd-DTPA. Obstruction of the capillaries (as 
observed in the subendocardium), however, limits delivery of contrast agent. There- 
fore, the combinative effect of membrane disruption and capillary obstruction may 
result in a shorter, longer, or similar Ri in infarcted myocardium relative to normal 
myocardium. This study shows that Rj relaxation rates measured during equilibra- 
tion of Gd-DTPA in normal myocardium were indistinguishable from those in 
reperfused and low-reflow infarcted myocardium. This suggests that contrast- 
enhanced Ri values may not be able to distinguish normal from infarcted 
myocardium. As mentioned above, a significant decrease of blood flow in the low- 
reflow infarcted myocardium limited delivery of the contrast agent. As a result, the 
regional concentration of contrast agent may not be significantly different in normal 
and low-reflow infarcted myocardium. At present, it is not completely clear why 
the Ri values were not significant different in normal and reperfused infarcted 
myocardium. This may be due to non-linear signal enhancement from Gd-DTPA 
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Figure 8. Comparison of percentage recover\- from normal and mtarcted myocardium measured 
at flow rates of 3(H)ml/min and ISOml/min. 




Figure 9. The maps of percentage T2'^ recovery obtained at flow rates ot 3(K)ml/min (A) and 
150ml/min (B) and a TTC-stamed section (C) of the same heart. Infarcted myocardium was delin- 
eated on both maps. 



at high magnetic field or that the concentration of Gd-DTPA used in this study 
was not optimal. Nevertheless, the results suggest it is difficult to separate viable 
from non-viable heart tissue using R, values alone. 

Following injection of contrast agent and equilibration, the reperfused and low- 
reflow myocardium displayed a significantly decreased rate compared to normal 
tissue. This is presumably due to a loss of membrane integrity in the infarcted tissues. 
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Figure 10. Time courses of phosphocreatine (PCr, top panel) and inorganic phosphate (Pi, bottom 
panel) acquired from the LAD region during control perfusion, LAD occlusion, and reperfusion. The 
lack of recovery of PCr during reperfusion indicated that LAD myocardium in the LAD region had 
been irreversibly damaged. 



leading to a more homogeneous distribution of contrast agent in the infarcted areas 
than in normal areas of the myocardium. The results suggest that homogeneity of 
contrast distribution can be assessed using T2'^-weighted imaging. Moreover, the 
contrast-enhanced R 2 * relaxation rate may be a more sensitive parameter for assess- 
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merit of myocardial viability relative to the Ri relaxation rate. Obstruction of 
the capillaries in the low-reflow infarcted myocardium does not appear to affect 
the sensitivity of R 2 ^ to myocardial viability. However, it should be mentioned that 
this study was performed using a 7 Tesla magnet where the susceptibility effect of 
Gd-DTPA may have been magnified. In other words, it may not be possible to 
differentiate infarcted from normal myocardium using the R 2 "^ values obtained with 
low-strength (0.5—3 Tesla) magnets such as those used m clinic. 

It has also been shown that R 2 * depends not only on the distribution of con- 
trast agent, but also on its regional concentration (28,29). A relatively shorter R 2 "*^ 
relaxation rate could be due to a more homogeneous distribution of contrast agent 
(loss of cell membrane integrity) or a relatively lower concentration of contrast agent 
(intact cell membrane or obstruction of the capillaries). A relatively shorter R 2 "^ 
value in a given region of myocardium may indicate a more homogeneous distri- 
bution of contrast agent only if the regional concentration of contrast agent is equal 
or higher in this region relative to remote areas of the myocardium. The regional 
concentration of contrast agent can be assessed in a relative manner with Tl- 
weighted imaging. We believe that simultaneous monitoring of Gd-DTPA-induced 
changes in bothTl and T2"^ signal intensities provides more accurate assessment of 
myocardial viability than use of either T1 or T2^ imaging alone. 

During the first pass of Gd-DTPA, the peak level ofTl signal intensity indicates 
that the regional concentration of contrast agent has reached its maximum level. At 
this time, it is expected that the intravascular and interstitial spaces in normal tissue 
and all three compartments in infarcted myocardium will be completely filled with 
contrast agent. T2'^ signal intensities at this time are then expected dependent mainly 
on cell membrane integrity. This is the reason why we used T2^ signal intensity at 
maximum T1 intensity to evaluate myocardial viability. However, the baseline levels 
ofT2^ intensity in normal and injured tissue (prior to contrast injection) may be 
different due to the differences in microstructure, regional blood flow, ratio of oxy- 
genated to deoxygenated hemoglobin, or other factors. Conceivably, changes in T2"*^ 
intensity relative to baseline values are expected to be more closely related to homo- 
geneity of contrast distribution (or membrane integrity) than absolute T2"^. As a 
result, we used the percentage recovery of T2'*' signal at maximum T1 intensity’ as 
a parameter for the assessment of myocardial viability. 

We found that normal and infarcted myocardium have v^ry distinct temporal 
relationships in T1 and T2"^ signal intensities. In normal myocardium there was a 
rapid decline of T2"^ signal intensity. This decrease in T2'*^ signal intensity may be 
due to the heterogeneous distribution of the contrast agent as it was flushing into 
the capillaries. As the contrast agent diffused into the interstitial space, T1 signal 
intensity reached its peak level. This infiltration may at the same time lead to more 
homogeneous distribution of contrast agent, leading to recover)' ofT2^ signal inten- 
sity. However, because Gd-DTPA cannot diffuse into the intracellular space in 
normal myocardium, the distribution was still relatively heterogeneous and the 
return of T2^ signal in normal tissues was likely due to washout. Consequently, 
T2^ signal intensity in normal myocardium displayed a small percentage recovery 
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when correlated to peak Tl. In the infarcted myocardium, Gd-DTPA may not 
only diffuse into the interstitial space, but also into the intracellular space (9). The 
distribution of the contrast agent became more homogeneous relative to that in 
normal myocardium by the time the regional concentration of contrast agent was 
maximal. This led to a greater percentage recovery of T2'^ signal intensity in the 
reperfused infarcted, low-reflow infarcted, and mixed myocardium than in normal 
myocardium. 

In this study, we did not assess the homogeneity of Gd-DTPA distribution directly 
in various regions of the myocardium. Therefore, it is still a working hypothesis that 
the percentage recovery of T2^ signal intensity depends on the severity of mem- 
brane injury. Nevertheless, our results suggest that simultaneous monitoring of con- 
trast-enhanced Tl and T2"^ signal intensities during the first pass of Gd-DTPA 
delineates infarcted myocardium in a flow independent manner. 
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Summary. Neurological and neuropsychological impairments are important sequelae of 
cardiac surgery with cardiopulmonary bypass, particularly aortic arch surgery requiring 
circulatory arrest. The nature of the underlying brain injuries remains poorly understood. 
Hypothermic circulatory arrest is commonly used for brain protection during aortic arch 
surgery, but the safe duration of this technique is limited. Other techniques used for brain 
protection have been proposed and used clinically. However, none of the techniques is com- 
pletely satisfactory. Precise, and preferably quantitative, definition of the localization and nature 
of the underlying injuries is a precondition for rigorous evaluation of the efficacy of 
prophylactic measures. Magnetic resonance (MR) spectroscopy and imaging are unique, 
non-invasive tools that are amenable to repetitive monitoring of the anatomical, biochemi- 
cal and physiological status of the brain. The ability of magnetic resonance spectroscopy and 
imaging to detect physiological and pathological changes in the brain is described. Results 
of serial experiments studying the biochemical and physiological sequelae of various selec- 
tive brain perfusion techniques in an in vivo pig model are presented. MR imaging can 
provide non-invasive information on physiological and pathological changes and MR spec- 
troscopy can follow changes in metabolism and intracellular pH in the brain in various body 
perfusion situations. The combined information can help understand the nature of underly- 
ing brain injuries and develop better surgical strategies for protecting the brain during car- 
diovascular surgery. 
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INTRODUCTION 

Cardiovascular disease is the leading cause of mortality in North American. Cardiac 
surgery is now performed on 400,000 patients each year in the United States and 
on 800,000 worldwide. Neurological complications account for the major adverse 
sequelae and are among the leading causes of morbidity and mortality in cardio- 
vascular surgery. Complications are increasing because sicker and older patients with 
advanced atherosclerotic vascular disease now have surgery. The neurological com- 
plications are even more common in cardiac surgery requiring circulatory arrest 
(1,2). Operative repair of aortic aneurysms or aortic dissections extending into the 
aortic arch requires temporary interruption of blood flow through the cerebral 
vessels. Deep hypothermic circulators' arrest (HCA) has been the primary technique 
used for intraoperative protection against cerebral injury (1,3)- However, neurolog- 
ical injury remains a serious consequence despite the protective effect of hypoth- 
ermia. Periods of deep HCA longer than 40 minutes are associated with high 
incidences of brain injurs; stroke and neurological sequelae (1 ,4). Various techniques, 
including antegrade cerebral perfusion (ACP, perfusing the brain through the carotid 
arteries) and retrograde cerebral perfusion (RCP, perfusing the brain through the 
superior vena cava), has'e been devised to provide better brain protection during 
circulatory arrest than deep hypothermia alone. However, the efficacy of these tech- 
niques remains to be fully determined, particularly when used for prolonged periods 
of circulatory arrest. 

Magnetic resonance (MR) imaging and spectroscopy have been demonstrated 
to be unique non-invasive tools that allow continuous monitoring of anatomical, 
biochemical and pathophysiological changes in the brain under various conditions. 
We have developed and used these techniques to determine the efficacy of various 
brain protection techniques during prolonged HCA and to optimize/develop sur- 
gical techniques for brain protection during cardiac surgery. In this paper, we have 
reviewed our experimental studies on deep HCA, RCP, bilateral ACP, and uni- 
lateral ACP in an acute pig model. 



ANIMAL MODEL 

The pig has become an increasingly popular model for the study of cerebral pro- 
tection during cardiothoracic surgery. 

As described previously (5-8), pre-anesthesia was induced with midazolam 
(0.3 mg/kg), ketamine (20 mg/kg) and atropine (0.02 mg/kg) intramuscularly. After 
endotracheal intubation, the animal was ventilated mechanically with 60% oxygen 
and 40% air. The ventilator rate and tidal volume were adjusted to maintain the 
arterial carbon dioxide tension at 35— 45 mm Hg. Anesthesia was maintained with 
1. 5-2.0% isoflurane. A temperature probe was placed in the esophagus to monitor 
the core temperature. Urine output was collected through a bladder catheter. 

The chest was opened via a midline sternotomy. Heparin (500IU/kg) was given 
intravenously. A cannula (20 F) was inserted into the ascending aorta and used for 
arterial blood return to the body during normal cardiopulmonary bypass (CPB). 
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A venous cannula (32 F, single stage) was placed into the right atrium just above the 
inferior vena cava. A small catheter was placed in the superior vena cava (SVC) 
through an internal mammary vein for monitoring central venous pressure. The 
lungs were not inflated during CPB or circulatory arrest. After preparation, the pig 
was placed supine in a specially designed cradle and transferred into a 7 Tesla MR 
instrument. 

For RCP, a catheter was placed into the superior vena cava and a small pressure 
line inserted into the internal jugular vein for monitoring retrograde perfusion pres- 
sure. For ACP, the right axillary artery was isolated and a 12 F modified double 
lumen retrograde cannula was placed in the right axillary artery. The large lumen 
of the cannula was used for ACP, while the small lumen was used to monitor arte- 
rial and perfusion pressures. In the pig, both carotid arteries arise from the common 
carotid artery, which is a branch of the brachiocephalic artery. Therefore, during 
unilateral ACP, the left carotid artery was occluded. 

The CPB circuit consisted of Cobe roller pumps (model C22.2), cardiotomy 
reservoir (Cobe HVRF 3700), a membrane oxygenator (Cobe Optima) with inte- 
gral heat exchanger, arterial filter (40)im, Dideco D733), and water bath (Laud 
MGW type RMSG). The circuit was primed with 700 ml lactated Ringer’s solu- 
tion, 500 ml Pentaspan (Du Pont Pharma, Canada, commonly used in clinic in 
Canada), 25ml IM sodium bicarbonate and 5000 lU heparin. Sodium bicarbonate 
was given to maintain arterial blood pH within the normal range (7.35-7.45), when 
necessary. No correction was made for temperature during hypothermia, and the 
alpha-stat approach was used. Arterial blood gases were monitored and measured at 
37°C with a blood gas analyzer (Stat 9, NOVA Biomedical, U.S.A). Blood elec- 
trolytes, glucose and osmolality were monitored and kept within the normal range. 

After completing preparations for the MR studies (i.e., positioning the head and 
shimming the magnetic field), normothermic CPB was initiated in the pigs. During 
cooling and re-warming, the temperature gradient between the water bath and 
blood was less than 10°C. Hypothermic circulatory arrest with or without RCP or 
ACP was achieved when the body temperature reached the proposed level. During 
RCP, the perfusion pressure in the internal jugular vein was maintained at less than 
25mmHg. During ACP, perfusion pressure was monitored continuously and main- 
tained at around 60mmHg in the common carotid artery. No inotropic support 
was used during the experiments. The animals were not weaned from CPB, 
therefore no means of myocardial preservation (such as cardioplegia) was used. 

HISTOPATHOLOGICAL EXAMINATION 

The experimental details of the histopathological studies are described in a pre- 
vious publication (6). At the end of each experiment, the brain was removed and 
fixed with formaldehyde solution. Tissue samples obtained from 10 different regions 
were cut into 5-pm-thick slices, which were stained with hematoxylin and eosin. 
Injury was graded (0 to 5) on the basis of the number of damaged neurons within 
each region, as follows: grade 0, normal; grade 1, <10%; grade 2, 10-25%; grade 3, 
26-50%; grade 4, 51-75%; and grade 5, >75%. 
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MAGNETIC RESONANCE SPECTROSCOPY AND IMAGING 

1. MR spectroscopy 

Magnetic resonance spectroscopy allows non-invasive measurements of intracellular 
pH (pHi) based on the spectral shift of the inorganic phosphate (Pi) resonance, 
which is observed in most cells (9,10). MR spectroscopy can monitor steady-state 
levels of ATP and the kinetics of reactions responsible for the maintenance of ATP 
levels. Phosphocreatine (PCr), another high-energy^ compound, can readily be 
detected and its equilibrium with ATP investigated because both these compounds 
exist in high concentrations in brain tissue. Ischemia results in loss of high-energy 
phosphates and tissue acidosis. Under anaerobic conditions, ATP is initially gener- 
ated with the breakdown of PCr and accumulation of Pi. Therefore, a decrease in 
PCr and an increase in Pi are very sensitive indicators of ischemic metabolism. The 
changes can be detected by MR spectroscopy within a few minutes following the 
onset of ischemia, but the change in ATP levels is more gradual (11). We have devel- 
oped an experimental protocol for the in vivo study of brain energetics and intra- 
cellular pH by ^'P MR spectroscopy in large animals (5,6,12). Figure 1 shows typical 
^’P MR spectra obtained in vivo from a normal pig brain. Both Pi and PCr have 
distinct resonance frequencies producing single peaks in a spectrum. ATP gives rise 
to three groups of peaks representing the three phosphate groups. 

Quantification of peak areas (Pi, PCr and ATP) can be carried out using various 
computer programs (13). The (3- ATP peak is commonly used to follow changes in 
ATP levels, since it is the least influenced by other merging resonances such as those 
that arise from adenosine diphosphate (ADP) and nicotinamide adenine dinucleotide 
phosphate (NADP). It is well established that pHi can be determined from the 
chemical shift of Pi (9,10). 

2. MR perfusion imaging 

Dynamic MR perfusion imaging has been developed to allow non-invasive assess- 
ment of tissue perfusion (7,8). The method uses fast T2^-sensitive imaging tech- 
niques, such as fast gradient-echo imaging sequences, to follow the change in signal 
intensity in a series of images acquired after a bolus injection of a paramagnetic 
contrast agent such as gadopentetate dimeglumine (Gd-DTPA, Berlex, Montreal, 
Canada). The amount and rate of signal change are related to blood flow. Since 
local magnetic field homogeneity is disturbed as a bolus of contrast agent passes 
through tissue vasculature, T2"^ image intensity decreases in the perfused area. The 
effect on local magnetic field homogeneity in an underperfused/non-perfused area 
is much less than in a normally perfused area. Therefore, image intensity decreases 
less in an underperfused area than in normal perfused tissue. Using this technique, 
underperfused tissue can be characterized by mapping regional cerebral blood 
volume (rCBV), mean transit time (MTT, the time required for blood (or contrast 
agent) to pass through each region of the brain), and regional cerebral blood flow 
(rCBF) (7,8,14). We have designed and constructed a 12 cm diameter dual-ring 
surface coil (transmit/receive) (15) and devised a method that is suitable for use in 




10 5 0 -5-10-20 ppm 



Figure 1. Localized MR spectra obtained from a normal pig brain in vivo. 



vivo with various types of brain perfusion (7,8). Each image can be acquired in less 
than 1 second. The image intensity decreases significantly when Gd-DTPA is present 
in the vasculature of the brain and returns to precontrast levels as the Gd-DTPA 
washes out. A series of images can then be analyzed to produce individual maps of 
rCBV, MTT, and rCBF. 

To obtain unambiguous information about the brain and avoid signal contami- 
nation from surrounding muscle, an experimental protocol for localized ^ P MR 
spectroscopy was developed (12). We also developed an experimental protocol 
for MR perfusion imaging that is repeatable within a very short period after each 
injection of the contrast agent (7,8), which allows acquisition of multiple MR 
perfusion images in the same animal. 

DEEP HYPOTHERMIC CIRCULATORY ARREST 

Deep HCA (15°C) is commonly used for brain protection during aortic arch 
surgery. The technique is simple and consists primarily of deep core cooling of the 
patient to temperatures in the range of 12 to 18°C, drainage of the patient’s blood 
into a cardiotomy reservoir and total circulatory arrest. This allows precise and 
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Figure 2. Representative MR spectra from the anesthesia control group (A), deep hypothermic car- 
diopulmonary bypass group (B). and deep hypothermic circulators' arrest group (C). 



bloodless surgery' on the heart and/or arch vessels without additional cannulation 
in a limited operation field. The “safe” period of HCA depends on the length of 
arrest and the core temperature achieved prior to circulatory arrest. Neurological 
complications increase significantly if HCA is prolonged (over 40-60 minutes) 
(16—18). The effects of hypothermia on ATP, PCr, and pHi in the brain during 
circulatory arrest and the degree of recovery of these parameters have been mea- 
sured in a porcine model (5). Control animals (anesthesia alone or deep hypother- 
mic CPB) showed no significant alterations in ATP, PCr, Pi (Figure 2 A and 2B). In 
the test animals, circulatory arrest was performed at 15°C for 2 hours, followed by 
60 minutes of reperfusion with normothermic CPB. The spectra showed a total loss 
of high energy phosphate metabolites after approximately 40 minutes of deep HCA 
with no, or incomplete, recovery of energy’ metabolites during reperfusion with nor- 
mothermic CPB (Figure 2C). In the two control groups, that is, anesthesia and deep 
hypothermic CPB, the pHi was 7.1 ±0.1 and 7.3 ±0.1, respectively. There were 
no changes in pHi during the entire period of anesthesia or deep hypothermic CPB. 
A significant decrease in pHi (intracellular acidosis) was observed during deep HCA 
and during reperfusion with CPB in the HCA group (Figure 3). Significant brain 
injury following 120 minutes of deep HCA was confirmed by histopathological 
studies (Figure 4) (4). Our findings that ATP, PCr and pHi levels decrease to 
minimal levels after only 30 minutes of deep HCA are consistent with the clinical 
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Figure 3. Intracellular pH (pHi) of the brain measured throughout the experimental protocol in 
the following groups; anesthesia (control) (-♦-), deep hypothermic cardiopulmonary bypass (control) 
(-B-), deep hypothermic circulatory arrest (-'*^-), antegrade cerebral perfusion (-►-) and retrograde 
cerebral perfusion (-#-). CA = circulatory arrest. < 0.05 compared with the anesthesia and deep 
hypothermic cardiopulmonary bypass control groups. 
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Figure 4. Total brain damage evaluated as the sum of the grades obtained from ten areas of the 
brain. AU the values are mean ± standard error of the mean. *P < 0.05 versus anesthesia group, 
+P < 0.05 versus antegrade perfusion group, #P < 0.05 versus circulatory arrest group. 
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observation that deep HCA alone for periods longer than 30-40 minutes signifi- 
cantly increases the risk of brain injury. Surgeons, therefore, “battle the clock” once 
the circulation is arrested and in some cases in which complication occurs, time 
runs out. Ergin et al. (19) recently conducted a clinical study comparing patients 
undergoing routine cardiac surgery with CPB to patients having surgery of the tho- 
racic aorta with periods of deep HCA. It was demonstrated that prolonged deep 
HCA (>25 minutes) is a significant predictor of poor performance for both memory 
and fine motor domains at 6 weeks post-surgery. Prolonged deep HCA (>25 
minutes) was also a determinant of prolonged hospital stay. 

RETROGRADE CEREBRAL PERFUSION 

Ueda and associates first introduced intermittent and later continuous RCP via the 
superior vena cava (SVC) as an adjunct to HCA. Retrograde cerebral perfusion has 
several potential advantages (20,21). The technique may provide uniform cerebral 
cooling, wash out air bubbles, embolic debris, neurological toxins and other byprod- 
ucts of ischemic metabolism, and it may be able to deliver cerebral metabolic sub- 
strates (22-24). These factors may extend the “safe period” of circulatory arrest. 
Over the past decade, the technique has become popular and has been used by 
many surgeons (1,20,25-28) because of its simplicity and potential benefits. A 
number of clinical studies have suggested potential benefits of RCP (29-32) tor 
brain protection and the reduction of stroke. Retrograde cerebral perfusion may 
“extend” the safe period of deep HCA (31,33). However, the maximum safe dura- 
tion of RCP is still unknown. Many clinical studies suffer from serious shortcom- 
ings: (1) most trials are uncontrolled and anecdotal; (2) many reports include fewer 
than 50 patients; and (3) the majority of patients received RCP for only short inter- 
vals, which should have resulted in a good outcome with deep HCA alone 
(25,32-36). Therefore, the efficacy of RCP in brain protection is still undetermined. 
In particular, there are very^ limited data available regarding the protective effects of 
RCP during prolonged circulatory arrest. We have used MR imaging and spec- 
troscopy to assess tissue perfusion, energy metabolism, and acid-base balance during 
prolonged RCP in a pig model (5—7). 

Localized MR spectra were obtained during initial normothermic cardiopul- 
monary bypass, RCP, and reperfusion with CPB. Figure 5A shows spectra obtained 
during an experiment in which deep (15°C) hypothermic RCP was performed 
during deep HCA. A baseline, “normal”, spectrum was recorded during initial nor- 
mothermic CPB. There was a significant decrease in signals from the high-energy 
phosphate metabolites (ATP and PCr) and a significant increase in the signal from 
Pi during the first 40 minutes of deep hypothermic RCP. Complete loss of signals 
from ATP and PCr was observed after about 40 minutes of deep hypothermic 
RCP. In contrast to the results obtained from the pigs that received deep HCA 
alone (Figure 2C), the pigs treated with RCP during circulatory arrest showed 
recovery of all signals during reperfusion with normothermic CPB following RCP. 
After 60 minutes of reperfusion, the Pi, ATP, and PCr signal intensities returned to 
their baseline levels. Similarly, pHi also decreased continuously during RCP and 
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then gradually recovered to its baseline after 60 minutes of reperfusion with nor- 
mothermic CPB (Figure 3). In the pigs that received deep HCA alone, pHi 
remained low during 60 minutes of reperfusion with normothermic CPB. These 
results suggest that RCP does not provide a sufficient amount of oxygen to main- 
tain normal energy metabolism during deep HCA, but provides additional brain 
protection relative to deep HCA alone as demonstrated by complete recovery of 
Pi, high-energy metabolites, and pHi during reperfusion following 120 minutes 
of RCP 

Many disavantages of deep hypothermia have been reported (1,37,38), including 
prolonged cardiopulmonary bypass time, which is a good predictor of postoperative 
death and stroke, prolonged rewarming which increases the risk of microembolism, 
disturbances of acid-base balance and the coagulation system, increase of blood 
viscosity, and decrease of oxygen dissociation. Although neuropsychological tests 
following cardiac surgery have shown better results in patients that were submitted 
to normothermic cardiopulmonary bypass (39), it is not known whether moderate 
hypothermia (28° C) can also be used effectively for RCP during circulatory 
arrest. To explore this question, pigs were subjected to 120 minutes of RCP at 
28°C. Localized ^^P MR spectra were obtained every 30 minutes during the entire 
protocol (6). Representative ^^P MR spectra (Figure 5B) showed a significant 
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Figure 5. Representative MR spectra from a pig that received retrograde cerebral perfusion at 15°C 
(A) and 28°C (B). 
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increase in Pi signal, a decrease followed by complete loss of the ATP and PCr 
signals during moderate hypothermic RCP, which is similar to the spectra seen 
during deep hypothermic RCP However, the Pi, ATP and PCr signals did not 
recover during normothermic reperfusion with CPB following moderate hypo- 
thermic RCP In the pigs subjected to moderate hypothermic RCP, the pH, was 
7.1 ± 0.1 prior to RCP, decreased significantly to 6.4 ± 0.1 during the RCP, and 
remained at 6.4 ± 0.1 during the normothermic reperfusion period. These data 
suggest that RCP provides less brain protection during moderate hypothermia than 
during deep hypothermia, as indicated by the lack of recovery of energy^ metobo- 
lites and pHi during reperfusion. Deep hypothermia is necessary when RCP is used 
during HCA. 

Measurements of cerebral blood flow during RCP range from 0 to 50% of base- 
line values (23-25,40-44). We used India ink to study cerebral perfusion in pigs 
and showed that only 10% of the capillaries are filled during RCP at a perfusion 
pressure of 20-25 mm Hg (without clamping the I VC) relative to the number with 
ACP (45). Magnetic resonance perfusion imaging in the same animal model showed 
very little blood flow to the brain during RCP and remarkably poor perfusion in 
many areas of the brain during reperfusion (Figure 6). The limited blood flow to 
the brain was mainly distributed in the midbrain. These findings help explain the 
MR spectroscopic findings that RCP causes ischemic metabolism and intracellular 
acidosis. Retrograde cerebral perfusion provides some blood to brain tissue and leads 
to relatively less brain injury relative to deep HCA alone. Complete recovery of Pi 
and PCr is seen during normothermic reperfusion after 2 hours of deep RCP, which 
is not observed after 2 hours of deep HCA alone. Our studies help explain the 
clinical findings that deep hypothermic RCP provides additional protection relative 
to deep HCA alone, but cannot extend the safe duration of deep HCA very sig- 
nificantly. This was also supported by histopathological studies. Prolonged RCP 
resulted in significant neuronal injury, but the injury was significantly less than that 
seen in the pigs that received HCA alone (Figure 4). Retrograde cerebral perfusion 
should be used with precaution when a prolonged period of HCA is needed during 
cardiac surgery. 

BILATERAL ANTEGRADE CEREBRAL PERFUSION 

Repair of aortic arch pathology was initially performed with antegrade perfusion of 
the head vessels (46), an approach that is still used (47-51). Clinical and experi- 
mental results show that conventional (bilateral) ACP through both carotid arteries 
can prevent ischemic brain damage during HCA and appears to be clinically useful 
when HCA times exceed 30-45 minutes (49,52). Kazui and co-worker suggest that 
it is probably safer to select ACP from the beginning, because it is often difficult 
to estimate pre-operatively the time required for obliteration of the distal false 
lumen, perform distal graft anastomosis and reconstruction of the aortic arch in 
patients with aortic arch dissection (53). '^'P MR spectroscopy and dynamic MR 
perfusion imaging techniques have been used to assess the effects of ACP on brain 
energetics/pHi and blood distribution, respectively, in an acute porcine model 
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Figure 6. Representative regional cerebral blood volume (rCBV) maps showing the difference (%) 
between initial cardiopulmonary bypass (CPB) at 37°C and (left) circulatory arrest (CA) + retrograde 
cerebral perfusion (RCP) or CA + antegrade cerebral perfusion (ACP), (middle) 30 minutes of reper- 
fusion with CPB (R-CPB) at 37°C, and (right) 60 minutes of reperfusion with CPB (R-CPB) at 
37°C. A negative sign (— ) indicates that rCBV is lower than during initial CPB; zero indicates that 
rCBV is the same as during initial CPB; a positive sign (+) indicates a rCBV that is higher than 
during initial CPB. 



(1,2,5,7,54,55). In these studies, pigs were subjected to deep hypothermic bilateral 
ACP during 2 hours of deep HCA, followed by a one hour period of normother- 
mic reperfusion with CPB. 

Figure 7 A consists of spectra obtained during an experiment in which deep 
(15°C) hypothermic bilateral ACP was performed during deep HCA. There was no 
significant difference between any of the spectra during the entire experimental pro- 
tocol. In particular, there was no increase in the Pi signal or decrease in the signals 
from ATP and PCr during 120 minutes of ACP. Furthermore, pHi also remained 
at its baseline level during prolonged ACP (Figure 3). These findings suggest that 
the amount of oxygen supplied by ACP is sufficient to prevent ischemic metabo- 
lism during deep HCA. 

Is deep hypothermia necessary when bilateral ACP is used during circulatory 
arrest? We used the same method to monitor energy metabolites and intracellular 
pH during moderate (28°C) hypothermic ACP in the pig model. Figure 7B shows 
representative spectra obtained from a pig. No ischemic events were observed during 
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Figure 7. Representative MR spectra from pigs that received antegrade cerebral perfusion at 15°C 
(A) and 28°C (B). 



120 minutes of moderate hypothermic ACP, as indicated by no increase in Pi and 
no decrease in ATP or PCr. Furthermore, there was no decrease in pHi during 
moderate hypothermic ACP This suggests that deep hypothermia may not be 
necessary when bilateral ACP is used. 

MR perfusion imaging was used in the pig to understand the blood distribution 
during ACP. The results showed that rCBV increased significantly in most regions 
of the brain during hypothermic bilateral ACP, and remained uniformly high during 
normothermic reperfusion. A few small regions showed slightly reduced reperfu- 
sion (Figure 6). These findings help explain how ACP maintains normal energy 
metabolites/pHi during either deep or moderate hypothermia. 

Histopathological findings are consistent with the MR results (4,6). There was 
very minimal neuronal injury in pigs that received prolonged ACP at either 15°C 
or 28°C, which was similar to that observed in pigs subjected to anesthesia alone 
(Figure 4). 

UNILATERAL ANTEGRADE CEREBRAL PERFUSION 

Our studies have demonstrated that bilateral ACP through both carotid arteries pro- 
vides uniform blood distribution and maintains normal energy metabolism in the 
entire brain, providing the best brain protection during heart surgery that requires 
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circulatory arrest (4,5,7,55-57). However, ACP has decreased in popularity over the 
past decade. This may be due to the complexity of the technique, the fact that it 
is cumbersome, and the possible increased risk of cerebral embolism that results from 
direct cannulation of diseased cephalic arteries (49,58). Antegrade cerebral perfusion 
may be the optimal method of cerebral protection for aortic arch repair if its dis- 
advantages can be eliminated. The axillary artery has been used successfully for 
normal CPB in patients with severe atherosclerotic disease in whom it is impos- 
sible or undesirable to place a cannula into the femoral artery (59). Several reports 
(59,60) have suggested that the axillary artery offers a safe and effective means of 
providing arterial inflow during cardiopulmonary bypass. In some centers, the axil- 
lary artery has replaced the femoral artery as the preferred alternate site for cannu- 
lation in patients with ascending aortic disease. We hypothesized that unilateral ACP 
through the right carotid artery via a cannula placed in the right axillary artery 
could provide uniform flow distribution to both hemispheres of the brain. Rela- 
tive to bilateral ACP, unilateral ACP is simple (one cannulation outside the chest) 
and eliminates the need for direct cannulation of the arch vessels. We have used 
dynamic MR perfusion imaging to monitor the distribution of blood, regional cere- 
bral blood volume (rCBV), and mean transit time (MTT) before, during and after 
unilateral ACP (8). In the study, pigs received 2 hours of deep (15°C) hypothermic 
ACP through the right carotid artery (unilateral ACP) during deep HCA, followed 
by a 1 hour period of normothermic reperfusion with CPB. 

Uniform flow distribution to the entire brain was observed in all pigs during 
initial nomorthermic CPB. Regional cerebral blood volume increased in most 
regions of the brain during unilateral ACP, and remained high 60 minutes after nor- 
mothermic reperfusion with CPB. Only a few small areas showed reduced rCBV 
(Figure 8). No significant difference in rCBV was observed between the left and 
right hemispheres of the brain during unilateral ACP or at 60 minutes of reperfu- 
sion with normal CPB. These data indicate that both hemispheres received the same 
amount of blood during unilateral ACP. 

During nomorthermic CPB, the mean transit time was 7-10 seconds through- 
out the brain (Figure 8). The mean transit time was significantly prolonged in aU 
brain regions during ACP at 15°C (2-3 times longer than the baseline level obtained 
during initial normothermic CPB at 37°C), indicating a significant decrease in the 
speed of blood passing through brain tissue. A similar prolongation of MTT was 
also observed during CPB at 15°C. Mean transit time recovered to its baseline level 
in both groups during normothermic reperfusion with CPB. There was no signif- 
icant difference in MTT between the left and right hemispheres either during 
unilateral ACP or reperfusion with CPB. 

The study clearly demonstrates that unilateral ACP through the right axillary 
artery provides equal and uniform flow distribution to both hemispheres of the 
brain. During unilateral ACP, the speed of blood passing through the brain tissue is 
also similar in both hemispheres of the brain. These findings indicate that during 
unilateral ACP, the left hemisphere receives an amount of blood similar to that of 
the right hemisphere through collateral circulation, and through the circle of Willis 
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Figure 8. Upper panel: Representative regional cerebral blood volume (rCBV) maps showing the 
difference (%) betw^een initial cardiopulmonary- bypass (CPB) at 37°C and unilateral antegrade cerebral 
perfusion (U-ACP) at 15°C, and 60 minutes of reperfusion with CPB (R-CPB) at 37°C. A negative 
sign (— ) indicates that rCBV is lower than during initial CPB; zero indicates that rCBV is the same as 
during initial CPB; a positive sign (+) indicates that rCBV is higher than during initial CPB. Lower 
panel; Representative mean transit time (MTT) maps obtained during initial normothermic cardiopul- 
monary bypass (37°C CPB), unilateral antegrade cerebral perfusion at 15°C (15°C ACP), and at 60 
minutes of reperfusion with normothermic cardiopulmonars’ bypass (37°C' R-CPB). 



in particular. However, it was not known whether the amount of blood supplied 
to both hemispheres of the brain is sufficient to prevent ischemic events during pro- 
longed deep hypothermic ACP. Therefore, we used localized MR spectroscopy 
to monitor energy metabolism and pHi in both hemispheres of the brain during 
deep (15°C) hypothermic unilateral ACP (61). 

Representative localized MR spectra obtained from each hemisphere of a pig 
brain that received deep hypothermic unilateral ACP are shown in Figure 9. The 
spectra from the left and right hemispheres changed similarly throughout the pro- 
tocol. As shown in Figure 10, all peak areas (PCr, and ATP) increased during CPB 
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Figure 9. Representative spectra obtained from the left and right hemispheres of a pig brain at 
each stage of the protocol. Pi = inorganic phosphorus, PCr = phosphocreatine, ATP = adenosine 
triphosphate. 



at 15°C relative to their baselines and remained constant during 120 minutes of 
unilateral ACP and reperfusion with CPB at 15°C. The peak areas returned to their 
baseline levels when the pig was rewarmed to 37°C. When the peak areas obtained 
during initial CPB at 15°C were used as baseline levels to eliminate possible effects 
of low temperature on the spectra (such as changes in RF coil loading), no signif- 
icant decrease was observed in PCr or ATP in either hemisphere during 120 minutes 
of unilateral ACP, indicating no ischemic metabolism during unilateral ACP at 
deep hypothermia. No significant differences in PCr or ATP were observed between 
the left and right hemispheres during unilateral ACP and reperfusion. During the 
initial period of CPB at 37°C, the baseline pHi was 7.12 ± 0.14 and 7.08 ± 0.08 
in the right and left hemispheres, respectively. A significant increase in intracellular 
pH was observed during deep hypothermic CPB and unilateral ACP. No signifi- 
cant decrease in pHi was seen in either hemisphere during 120 minutes of unilat- 
eral ACP relative to the pHi observed during initial CPB at 15°C, indicating no 
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Figure 10. Changes in phosphocreatine (PCr) (A) and adenosine triphosphate (ATP) (B) in a pig 
brain that received unilateral antegrade cerebral perfusion at 15°C. The levels obtained during initial 
normothermic cardiopulmonary bypass (CPB) were used as the baseline (CPB-b = 100%). "^^P < 0.05 
vs the baseline level (CPB-b). There was no statistically significant difference between the right and 
left hemispheres. 



ischemia-induced intracellular acidosis. There were no significant differences in pHi 
between the right and left hemispheres during unilateral ACP and reperfusion with 
CPB (Figure 11). 

Localized ^^P MR spectroscopic imaging also confirmed that there was no 
decrease in ATP or PCr, nor any increase in intracellular acidosis in either hemi- 
sphere of the brain during 120 minutes of moderate (28°C) hypothermic unilateral 
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Figure 11. Changes in intracellular pH (pHi) in a pig brain that received unilateral antegrade cere- 
bral perfusion at 15°C. < 0.05 vs the baseline level (CPB-b) obtained during initial normothermic 

cardiopulmonary bypass (CPB). There was no statistically significant difference between the right and 
left hemispheres. 



ACP. There was no difference between the right and left hemispheres of the brain 
in spectra obtained during moderate hypothermic unilateral ACP (61). These find- 
ings are similar to those seen in pigs that received deep (15°) hypothermic unilat- 
eral ACP, indicating deep hypothermia may not be necessary when unilateral ACP 
is used. 

Histopathological studies confirmed there were no significant morphological 
changes in the neurons of the right and left hemispheres of the brain subjected to 
either deep or moderate hypothermic unilateral ACP (61). 

CONCLUSION 

Magnetic resonance is a technology that allows repetitive, non-invasive in vivo 
measurements in both animals and humans. The combination of spectroscopic and 
imaging techniques provides comprehensive information on the biochemical and 
physiological status of the brain in large animal models of cardiac surgery. This allows 
better choices and design of methods to protect the brain during cardiac surgery. 
Our studies with MR imaging and spectroscopic imaging, combined with other 
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techniques, have demonstrated that: (1) prolonged deep HCA alone (2 hours) results 
in severe brain injury; (2) RCP provides a limited amount of blood flow to the 
brain, does not provide complete brain protection during prolonged deep HCA 
(2 hours), but provides better brain protection than deep HCA alone; (3) bilateral 
ACP provides uniform flow distribution throughout the brain and prevents 
ischemic/hypoxic injurv' to the brain during 2 hours of deep or moderate HCA; 
(4) unilateral ACP through the right axillary artery provides a similar amount of 
blood to both the right and left hemispheres of the brain and prevents 
ischemic/hypoxic mjur\^ to the brain during prolonged HCA at either deep or 
moderate hypothermia; and (5) temperature is a critical factor when RCP is used 
during circulatory arrest. Therefore, we conclude that: (1) ACP provides the best 
brain protection; (2) RCP should be used cautiously during prolonged HCA; ( 3 ) 
deep hypothermia is necessary when RCP is used, but not when ACP is used; and 
(4) in certain clinical situations, unilateral ACP through the right axillary artery may 
be the optimal choice for brain protection during prolonged HCA. These findings 
need to be confirmed bv clinical studies. 
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Summary, An Expert Panel was convened in the Winnipeg 2001 Heart Congress to examine 
heart failure recovery mechanisms after mechanical circulatory support. The Expert Panel 
consisted of leading researchers, and clinicians knowledgeable in the use of mechanical cir- 
culatory support devices, and focused on heart failure recovery mechanisms at the gene, cell, 
organ and patient levels after prolonged mechanical circulatory support. Views of each pan- 
elist, about the circulatory support, was presented in this report. Clearly, the use of mechani- 
cal circulatory devices have not only saved many individual lives but the approach also seems 
to modulate or even reverse heart failure processes at all levels of body organization. 

Keys words: Bridge to Recovery, Reverse Remodeling, Mechanical Circulatory Support. 

Tofy Mussivand (Director, Cardiovascular Devices Division, University of Ottawa 
Heart Institute, Ottawa, Canada) organized the Expert Panel and provided the 
topic introduction. Clinical experimentation with mechanical circulatory support 
(MCS) devices started in the 1960 s, with the main objective being to determine if 
they were suitable for supporting and/or replacing a diseased natural heart. Since 
that time, they have been utilized quite successfully in over 11,000 reported clini- 
cal cases. Today mechanical circulatory support devices are used typically for short 
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term post-cardiotomy or as a bridge to cardiac transplantation. In addition, their 
use as a definitive treatment in destination therapy and bridge to recovery applica- 
tions is emerging as an important clinical option in the treatment of late stage heart 
failure. 

The concept of the use of mechanical assist devices as a treatment for heart failure 
is relatively recent (1). In the late eighteenth century, healing of the heart was largely 
considered impossible. By the mid-twentieth century, bed rest was considered the 
best available remedy for heart failure (2). Today, evidence of improvement of the 
diseased natural heart after prolonged left ventricular unloading via mechanical cir- 
culatory support is clearly documented in the literature (3). Unfortunately the exact 
pathophysiology of this phenomenon is not clearly understood. The Expert Panel 
was convened to further elucidate these findings and was structured to examine 
heart failure recovery after mechanical circulatory* support: 1) at the gene level, 2) 
at the myocyte level, 3) at the organ level, and 4) at the patient level. Mechanical 
circulatory systems currently available for use, as well as various future technologies 
were also reviewed. 

RECOVERY AFTER MECHANICAL CIRCULATORY 
SUPPORT AT THE GENE LEVEL 

Paul Heerdt (Anaesthesiology / Critical Care Medicine Director, Thoracic 
Anaesthesia Service, New York Presbyterian Hospital, New York, USA) spoke on 
work by the group at Columbia related to addressing the question, “Does improved 
intrinsic myocardial contractile function contribute to recovery after circulatory 
support ?” 

While heart failure had previously been thought to be unrecoverable, reports 
emerged showing evidence of both echocardiographic and hemodynamic improve- 
ment after circulatory support (4,5). A study was designed to determine whether 
hemodynamic unloading leads to normalized expression of genes involved in intra- 
cellular calcium handling. 

To allow matched controls, tissue samples from the apical core taken during 
implantation of a left ventricular assist device (LVAD) and those taken from the left 
ventricular free wall from the same patient at the time of subsequent transplanta- 
tion were utilized. In these studies, mRNA expression involved in intracellular 
calcium cycling normalized after prolonged left ventricular unloading with the 
LVAD. Sarcoplasmic endoreticular calcium ATPase (SERCA2a), ryanodine-sensitive 
Ca^^ release channel (RyR) and Na:Ca exchanger (NCX) relative Ca"^ expressions 
all tended to improve after LVAD support. The SERCA2a expression also showed 
clear time dependence, with significant improvements leading to near normal levels 
(compared to non-failing hearts) occurring over the first 35-40 days of LVAD 
support. This suggested that the majority of the initial reverse remodelling may 
occur early during LVAD support. 

While It was determined that mRNA expression was clearly increased for 
SERCA2a, RyR and NCX, western blot analysis for individual patients (pre and 
post LVAD) showed that the increase in expression only translated to a detectable 
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change in proteins for SERCA2a, but not for RyR or NCX. To assess whether this 
also led to actual alterations in SERCA2a function, SERCA2a mediated uptake of 
calcium into sarcoplasmic reticular (SR) membranes was assessed. While it has been 
previously demonstrated that there is a depressed calcium uptake in heart failure 
patients, those on the LVAD in this study clearly showed normalized uptake levels. 
This demonstrates that in addition to an increased mRNA expression, and increased 
protein levels, that there is also an increased SERCA2a function in those patients 
supported by LVADs (6). 

In regard to contractile function, it is well established that one of the markers of 
muscle dysfunction in heart failure is a negative force-frequency relationship (FFR). 
Left ventricular trabeculae from the free wall were taken from the same hearts (pre 
and post LVAD) and the FFR was examined. These results showed that prior to 
LVAD support the hearts had a negative FFR as typically seen in heart failure, 
whereas after LVAD support the FFR was positive, as is typically seen in healthy 
heart muscle. Since the FFR has been linked primarily to SERCA2a, this suggests 
the LVAD support has in fact resulted in stabilizing and returning to normal the 
SERCA2a function, as observed by the mRNA changes, protein changes, the uptake 
of calcium in the isolated SR and the altered FFR. 

To assess whether the observed changes in gene expression were related to hemo- 
dynamic unloading or to changes in the neurohormonal milieu, properties of the 
unloaded left ventricle (LV) were compared to those of the continually loaded right 
ventricle (RV) in the same heart during LVAD support (7). Normalization of 
SERCA2a protein expression, FFR, and stimulation frequency on force develop- 
ment is observed only in the LV. However, the hormone drive (isoproterenol 
response) normalizes in both LV and RV. These results imply that both the reduc- 
tion of hemodynamic load and the neurohormonal factors are linked to recovery 
after LVAD support. 

The need to identify the pivotal molecular mechanisms that lead to these struc- 
tural and functional improvements, now becomes even more important as they may 
play an important role in finding new therapeutic approaches to treating heart failure. 

RECOVERY AFTER MECHANICAL CIRCULATORY 
SUPPORT AT THE MYOCYTE LEVEL 

Kenneth Margulies (Cardiology Research Director, Temple University School of 
Medicine, Philadelphia, USA) presented on his group’s work on the study of 
myocyte function and structure after circulatory support. Dr. Margulies first 
reviewed the phenotype of advanced dilated cardiomyopathy (DCM), outlining the 
manifestation at the myocyte level as shown in Figure 1. 

Myocyte geometry is significantly altered in advanced heart failure both in size 
and shape. However after mechanical circulatory support, the cardiomyocyte size 
regresses towards the non-failing state in terms of volume, length, and width. In 
addition, the distorted shape of the failing myocytes also return to normal (8). As 
shown in Figure 2, post-LVAD myocytes are both less flattened with a length to 
height ratio of 14.2 (compared to 21.0 pre-LVAD) and a width to height ratio of 




Manifestation Dilated Cardiomyopathy at the Myocyte Level 

• Increased myocyte size 

• Abnormal cell shape (elongation, flattening, branching) 

. impaired cellular shortening ^ ^ 

• Slowed cellular relaxation 

• Action potential prolongation 

• Impaired p-adrenergic responsiveness 

• Negative force-frequency relation 

• Increased rates of apoptosis 

• Deregulation of key signaling pathways 

• Pathologic patterns of protein expression 



Figure 1. Fhenon pc of Advanced Dilated C'ardioinyopathy. 




Figure 2. Changes in Myocyte Geometry of the Failing Heart. 
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2.1 (compared to 2.9 pre-LVAD) and tends to return to the more cylindrical shape 
of normal non-failing cell (8). At the same time, a decrease of the LV mass can be 
directly correlated to a decrease in myocyte diameter (9). These changes in cell 
geometry after prolonged left ventricular unloading raises the question of how these 
changes influences cell function. 

Improvements in myocyte cell function after mechanical assist device support have 
also been demonstrated. Parameters of contractility, including rates and magnitudes 
of fractional shortening, time to peak contraction, and time to relaxation, all of 
which are impaired in the failing heart, have shown significant improvements after 
LVAD support (10). Studies were also conducted to assess responsiveness to (3- 
adrenergic stimulation in individual myocytes which is substantially depressed during 
heart failure. These studies demonstrated a doubling of responsiveness to (3- 
adrenergic stimulation in the LVAD supported myocytes (10). 

Decreased rates of calcium binding in the SR membrane of cardiac cells is a 
biochemical characteristic of heart failure and believed to be linked to the con- 
tractility of the myocyte. Myocyte Ca“^ transients have been demonstrated to exhibit 
greater peak amplitude and faster decay rates after prolonged left ventricular unload- 
ing (10). In addition, calcium uptake increases significantly post-LVAD in isolated 
SR membranes, and calcium binding rates normalize (11). Cellular markers of 
hypertrophy and calcium regulatory protein abundance were measured in failing 
heart hearts (n = 12), non-failing hearts (n = 12) and LVAD supported hearts (n = 
8). As had previously been established, in the failing hearts there were significant 
decreases in SERCA, and significant increases in both NCX and cell volume. After 
LVAD support, in contrast to previous reports, there was little improvement in 
SERCA protein abundance but a substantial decrease in NCX abundance. 

In addition, studies utilizing a histochemical assay, myocyte apoptosis was mea- 
sured pre and post LVAD (n = 12), and significant reductions in the incidence of 
myocyte apoptosis were seen in the LVAD supported group. 

In summary, multi-level regression of the pathologic phenotype seen in the failing 
human myocardium is observed after LVAD support. The magnitude of the demon- 
strated changes observed indicates that reverse remodelling can occur even in the 
most advanced stages of cardiomyopathy. By defining the molecular correlations to 
the cellular changes, it may be possible to identify the pivotal molecular mecha- 
nisms involved. Ultimately however, the degree to which cellular recovery translates 
into organ and patient level recovery, will determine the viability of the use of 
mechanical circulatory support devices as a “bridge to recovery”. 

RECOVERY AFTER MECHANICAL CIRCULATORY 
SUPPORT AT THE ORGAN LEVEL 

O. Howard Frazier (Chief Cardiopulmonary Transplantation, Director 
Cardiovascular Surgery Research, Texas Heart Institute, Houston, USA) spoke about 
the observed ventricular improvement seen during extended bridge to transplant 
studies, the need for approved weaning protocols in the US, and the future role 
of axial flow pumps in the field of bridge to recovery studies. 
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Dr. Frazier provided an overview of the history* of clinical circulatory support 
beginning in the 1960 s with the first clinical ventricular assist device and total 
artificial heart implants. The first patient in their experience, who demonstrated 
substantial “recovery ” or ventricular improvement, was in 1991. This patient who 
subsequently died of stroke 505 days after implant, demonstrated during pump-off 
studies a significant reduction in Left Ventricular End Diastolic Dimension 
(LVEDD), an improvement in Left Venticular Ejection Fraction (LVEF), and a nor- 
malized Stroke Volume (S V) . 

The early clinical observations of myocardial improvement at the time of trans- 
plant in VAD supported patients, were subsequently correlated with histological 
studies using tissue samples from the apical core taken at time of device implant 
and subsequently after circulator}^ support at the time of transplant. These studies 
demonstrated significant reduction in the areas of attenuated fibers which seemed 
to indicate a degree of ventricular improvement after prolonged LVAD support (12). 
Subsequent studies, published in 1996 examined chronic heart failure patients (mean 
duration of prior heart failure 33 months) supported for extended times (mean 
support of 137 days). In this study, patients exhibited the following improvements 
after extended circulatory support: 1) Reduced cardiothoracic ratio, 2) Reduced 
LVEDD, 3) Increased LVEF, 4) Reduced Pulmonary Capillary^ Wedge Pressure 
(PCWP), and 5) Reduced Pulmonary Vascular Resistance (PVR). Moreover, the 
calcium handling (uptake and binding rates) of the SR membrane were also signifi- 
cantly improved after extended LVAD support in this study (11). 

The primary cause of weaning patients off these pumps in the US, has been due 
to medical complications such as infections or defective devices, since there are no 
approvals for the bridge to recovery* application. Case studies of substantial myocar- 
dial improvement after prolonged ventricular unloading, leading to pump removal, 
at the Texas Fleart Institute were presented (13). The overall results for some of 
these long-term survivors showed substantial normalization with: 1) Decreased 
LVEDD, 2) Increased LVEF, and 3) Improved contractibility of the ventricles even 
years after the LVAD explant. It is important to note that while these patients 
improved significantly allowing weaning from the device, true clinical recovery (total 
normalization of cardiac function) was not achieved. Nevertheless, the need of a 
protocol to identify patients with sufficient myocardial recovery^ to consider device 
removal is urgently needed. 

To identify potential patients for LVAD weaning, a protocol using dobutamine 
stress echocardiography (DSE) was developed at the Texas Heart Institute (14). Once 
patients have achieved stable functional capacity* as measured by reaching NYHA 
Class I without inotropic support, and improvements in LV function (both LVDD 
and LVEF), the weaning protocol is initiated. The weaning protocol is depend- 
ent on the device type, however the general approach is to operate in a fixed 
mode decreasing the beat rate by 10 BPM weekly or as tolerated until a minimal 
threshold is achieved. Patients are returned to automatic mode if any of the 
following conditions are observed: 1) Shortness of Breath, 2) Fluid Overload, 3) 
Fatigue, or 4) Increased LVDD. The DSE study is performed with the pump off 
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(patients are fully heparinized) and consists of conventional dobutamine infusion at 
increasing doses. Of the 16 patients studied, 9 patients were termed favourable 
responders and were explanted, while the remaining patients were transplanted. Six 
of the nine patients explanted survived for over 12 months, suggesting that DSE 
may be a useful tool for prospectively identifying patients for potential device 
removal. Furthermore, 2 of the 3 deaths in the favourable responders group were 
surgical deaths, with one of the major difficulties encountered being removing the 
pump after extended implant. This may suggest an important role for the newer 
generation of the pumps, such as the Jarvik 2000 axial flow pump. These devices 
which should be considered ventricular assist devices as opposed to ventricular 
replacement devices, are much smaller and therefore easier to both implant and 
explant, and thus may play an important role in the field of myocardial recovery 
(15). 

RECOVERY AFTER MECHANICAL CIRCULATORY 
SUPPORT AT THE PATIENT LEVEL 

Gurmeet Singh (Surgery Assistant Professor, University of Manitoba Health 
Sciences Centre, Winnipeg, Canada) gave an overview of mechanical circulatory 
support devices, the characteristics of the ideal device, and the future of the 
mechanical circulatory devices. 

Mechanical assist devices can clearly provide substantial health benefits to heart 
failure patients, however, the patients need to clearly understand the possible com- 
plications such as thromboembolism and infections. Most recently, newer technolo- 
gies have permitted the reduction in the size of the device consoles and the 
development of wearable devices allowing more mobility for the patients and the 
opportunity to return to normal life outside the hospital. 

The different device types currently available are shown in Figure 3 and were 
reviewed. In the category of the Total Artificial Hearts there is the CardioWest and 
the recently utilized Abiocor system. Ventricular Assist Devices (VADs) can be 
broadly categorized into 3 areas: 1) Paracorporeal Devices such as the Thoratec VAD 
which can be used for bi-ventricular support and in smaller patients, but requires a 
large external console, 2) Extracorporeal Devices such as the Abiomed BVS-5000 
which is relatively inexpensive, but limits patient mobility and is only designed for 
short-term use, 3) Implantable devices, of which there are two basic categories: a) 
Implantable Pulsatile Devices such as the Novacor and HeartMate, both of which 
offer the patient complete mobility outside of the hospital, but can not be utilized 
in some smaller patients due to the Body Surface Area (BSA) limitations, and b) 
Implantable Continuous Flow Devices which have just begun clinical application 
such as the MicroMed DeBakey, and Jarvik 2000, which are smaller than traditional 
pulsatile devices. On the issue of weaning patients, it was noted that with the 
Novacor EVAS there were 28 patients reported weaned. These patients were typi- 
cally young patients (40 years of age) with cardiomyopathy and there was a 1 year 
survival of 79% in these patients, and 65% were deemed successfully weaned (i.e. 
alive and with no transplant at 1 year). 
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• Total Artificial Heart (CardioWest) 

• Ventricular Assist Device 

o Paracorporeal (Thoratec) 
o Extracorporeal (Abiomed) 
o Implantable 

■ Pulsatile (Novacor, HeartMate) 

■ Non-Pulsatile Continuous (MicroMed DeBakey, Jarvik 2000) 

Figure 3. Device Classification. 



The experience at the Cleveland Clinic with devices capable of discharge was 
presented. A total of 184 devices in this group were implanted (120 HeartMate VE, 
8 HeartMate IP, 56 Novacor, 2 Debakey). No patients on the Debakey were dis- 
charged as both received early transplants, 30 of 56 (54%) of Novacor patients were 
discharged, and 55 of 120 (46%) of HeartMate VE patients were discharged. A total 
of 74 HeartMate IP devices were implanted, but initially were not capable for 
release until later in this experience, when 6 of 8 (75%) were discharged. 
The patients were either discharged to a rehab centre (54%) or home (46%). Re- 
admission was required in 24 patients (26%) due to neurological events, multiple 
infections, or pump malfunctions. 

Based on this clinical experience, important aspects for the ideal device were 
determined. The ideal device should be: 1) durable, 2) reliable, 3) have infection and 
thromboembolic rates comparable to current prosthetic cardiac valves. It was noted 
that with the HeartMate system the inflow valve becomes incompetent at around 
1 year, and this becomes a clinical concern for patients considered for chronic 
support. These valves can also develop endocarditis, in addition to the other drive- 
line and pump pocket infections experienced by these patients. Some devices also 
have a higher risk for thromboembolic events, sometimes seen in the conduits, 
which pre-disposes the patients to Cerebral Vascular Accidents (CVA). 

In the future, the Total Artificial Heart (TAH) may prove to be a good alterna- 
tive for a small percent of the patients. However at this time, implantable VADs 
may be more advantageous for the wider patient population, especially a totally 
implantable system that eliminates the needs for a percutaneous driveline and its 
associated infectious complications. In addition a booster or continuous flow system 
in which the left ventricular function is augmented rather that replaced may also 
prove to be beneficial in this area. 
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EFFECTS ON THE MYOCARDIUM AFTER LEFT 
VENTRICULAR ASSIST DEVICE SUPPORT 

Hideo A. Baba (Institute of Pathology, University of Essen, Essen, Germany) spoke 
about the effects on the myocardium after prolonged left ventricular unloading. It 
was noted that in the US, over 27,000 LVAD candidates per year could potentially 
be bridged to recovery. 

LVAD support has been established to improve the clinical status of heart failure 
patients. As demonstrated by x-ray the heart size and shape improves in a mecha- 
nism termed “reverse remodelling”. Reverse modelling mechanisms are not com- 
pletely understood, however reduction of myocyte diameter, decreased apoptosis, 
improved myocyte contractibility, decreased Tissue Necrosis Factor (TNF-a) tissue 
content and increased myocardial perfusion are all observed. 

Heart tissue samples before and after LVAD support were studied to investigate 
the effects of mechanical assist devices on the myocardium. Three specific areas were 
examined: 1) Morphometric analysis, 2) Stress proteins (Metallothionein, Heme 
Oxygenase), and 3) Transcription factor (NF-kB). 

At the organ level it has been well established that the diastolic diameter decreases 
and the wall thickness increases after LVAD support (16). At the cellular level studies 
were conducted to assess cardiomyocyte diameter, demonstrating significant reduc- 
tion in cardiomyocyte diameter after LVAD support (17). To determine if there was 
a regional distribution of myocytes with reduced diameters, measurements were 
taken at the subendocardium, midmyocardium and sub-epicardium areas. While 
decreases in myocyte diameter were noted in each of these areas, the only area with 
significant changes was the subendocardial area. Studies to quantify the amount of 
fibrosis pre and post LVAD were also conducted. These studies utilized staining with 
Sirius Red for collagen I and III, followed by polarization microscopy, and image 
analysis for quantification. No significant difference in fibrosis was determined either 
at the interstitial or perivascular areas. 

Stress proteins (Metallothionein — MT, and Heme Oxygenase — HO-1), were 
examined pre and post LVAD to assess immunoreactivity. MT is a stress protein with 
cell protection and detoxification properties, and has an association with impaired 
heart function. MT immunoreactivity was measured in 17 LVAD patients (15 
Novacor LVAS, 2 HeartMate IP) pre and post LVAD using immunohistochemical 
methods (17). This study clearly demonstrated significant decreases for MT positive 
myocytes at both the subendocardial, and subepicardial regions after mechanical 
circulatory support (17). Heme Oxygenase (HO-1) another stress protein with cell 
protection and anti-apoptotic properties, was measured in LVAD patients pre and post 
implantation. Immunoreactivty for HO-1 was also found to be markedly reduced at 
both the subendocardial, and subepicardial regions after mechanical circulatory 
support. The reductions in immunoreactivity of stress proteins could be due to the 
relief of tissue hypoxia after LVAD support. To assess this hypothesis, cardiomyocytes 
from neonatal rats were assessed under hypoxic conditions and after re-oxygenation. 
HO-1 protein expression was assessed and showed a clear pattern of increased content 
during hypoxic conditions and a reduction after re-oxygenation. 
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Figure 4. Schematic of Heart Failure Process supported by Mechanical Chrculator\- Support. 



Next studies were conducted to assess if the transcription factor NF-kB was 
altered by mechanical circulatory support. Utilizing immunohistochemistry, active 
NF-kB was measured pre and post LVAD support, and a significant reduction was 
observed after LVAD support. Gel shift analysis was also conducted to examine NF- 
kB DNA-binding activity and again showed marked reduction after circulatory 
support. 

These studies demonstrated that after LVAD support the following observations 
can be made: 1) The myocyte diameter decrease, mainly in the subendocardium, 2) 
No change in the content of fibrosis, 3) Reduction in stress proteins (MT, FlO-1), 
and 4) Reduction in NF-kB activity. These findings suggest that the relief of tissue 
hypoxia during mechanical circulatory support may play an important role in the 
recovery process. 

Based on these studies, a simplified schematic of the process of heart failure and 
the subsequent recovery after circulatory support was developed (Figure 4). Basi- 
cally an event or process (cardiac insult) leads to adaptation, overload and decreas- 
ing cardiac function. Subsequently transcription factors such as NF-kB are activated. 
In addition, the neurohormonal cytokines such as TNF-a are released, leading to 
increased cardiac insufficiency. At the same time protective proteins such as MT and 
HO-1 are increased. After mechanical circulatory support, these various adaptations 
tend to improve, however the question remains, can these improvements lead to sus- 
tainable normalization ? 
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CONCLUSIONS 

Not long ago healing of damaged heart muscle was largely believed to be impos- 
sible. However, clinical observations of advanced heart failure patients after mechani- 
cal circulatory support clearly showed a potential for significant improvements in 
cardiac structure and function. The ability to obtain substantial tissue samples at the 
time of device implant and at the subsequent transplant, has allowed in-depth inves- 
tigation from basic neurohormonal assays to advanced DNA analysis. This new 
experimental laboratory for the study of heart failure has led to breakthroughs in 
knowledge of the heart failure process. The Expert Panel summarized an increas- 
ingly sizable body of evidence that now supports the previous clinical observations 
of cardiac recovery after circulatory support. This data demonstrates clearly reversal 
of heart failure mechanisms at the: 

1) gene level 

2) cell level 

3) organ level 

4) patient level 

This new knowledge can be potentially utilized in the future to identify patients 
with substantial cardiac recovery, leading to increased use of mechanical circulatory 
support devices as a “bridge to recovery”. Ultimately, mechanical circulatory devices 
may be remembered not for the many individual lives they have saved, but for pro- 
viding a greater understanding of heart failure, leading to new innovative treatments 
for this epidemic. 

TABLE OF ABBREVIATIONS 



Abbreviation 


Definition 


BSA 


Body Surface Area 


CVA 


Cerebral Vascular Accident 


DCM 


Dilated CardioMyopathy 


DSE 


Dobutamine Stress Echocardiography 


FFR 


Force Frequency Relationship 


HO-1 


Heme Oxygenase 


LV 


Left Ventricle 


LVAD 


Left Ventricular Assist Device 


LVEDD 


Left Ventricular End Diastolic Dimension 


LVEF 


Left Ventricular Ejection Fraction 


MCS 


Mechanical Circulatory Support 


mRNA 


messenger RNA 


MT 


Metallothionein (stress protein) 


NCX 


Sodium Calcium Exchanger 


NF-kB 


Nuclear Factor kB (transcription factor) 


PVR 


Pulmonary Vascular Resistance 
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PWCP 

RV 

RyR 

SERCA2a 

SR 

SV 

TAH 

TNF 



Pulmonary Capillary Wedge Pressure 
Right Ventricle 

Ryanodine-sensitive Ca“^ Release 

Sarco/Endoplasmic Reticulum Calcium ATPase 

Sarcoplasmic Reticulum 

Stroke Volume 

Total Artificial Heart 

Tumor Necrosis Factor 
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